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Abstract 
Scientists have been debating for decades the origin of life on earth. A number of 
hypotheses were proposed as to what emerged first RNA or DNA; with most scientists are in 
favour of the "RNA World" hypothesis. Assuming RNA emerged first, it fellow that the 
RNA polymerases would've appeared before DNA polymerases. 
Using recombinant DNA technology and bioinformatics we undertook this study to 
explore the relationship between RNA polymerases, reverse transcriptase and DNA 
polymerases. The working hypothesis is that DNA polymerases evolved from reverse 
transcriptase and the latter evolved from RNA polymerases. If this hypothesis is correct 
then one would expect to find various ancient DNA polymerases with varying level of 
reverse transcriptase activity. 
In the first phase of this research project multiple sequence alignments were made on 
the protein sequence of 32 prokaryotic DNA-directed DNA polymerases originating from 11 
prokaryotic families against 3 viral reverse transcriptase. The data from such alignments 
was not very conclusive. DNA polymerases with higher level of reverse transcriptase 
activity were non-confined to ancient organisms, as one would've expected. 
The second phase of this project was focused on conditions that may alter the DNA 
polymerase activity. Various reaction conditions, such as temperature, using various ions 
(Ni2+, Mn2+, Mg2+) were tested. Interestingly, it was found that the DNA polymerase from 
the Thermos aquatics family can be made to copy RNA into DNA (i.e. reverse transcriptase 
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activity). Thus it was shown that under appropriate conditions (ions and reactions 
temperatures) reverse transcriptase activity can be induced in DNA polymerase. 
In the third phase of this study recombinant DNA technology was used to generate a 
chimeric DNA polymerase; in attempts to identify the region(s) of the polymerase 
responsible for RNA-directed DNA polymerase activity. The two DNA polymerases 
employed were the Thermus aquatic us and Thermus thermophiles. As in the second phase 
various reaction conditions were investigated. Data indicated that the newly engineered 
chimeric DNA polymerase can be induced to copy RNA into DNA. Thus the intrinsic 
reverse transcriptase activity found in ancient DNA polymerases was localized into a 
domain and can be induced via appropriate reaction conditions. 
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1. Introduction: 
THE PROJECT GOALS 
Since it is assumed that life originally started with RNA, and subsequently DNA became the 
primary storage molecule of genetic information, RNA-directed DNA polymerases (reverse 
transcriptases) would have evolved first, to transcribe the information from RNA into DNA. 
The primary objective of this study was then to test the following hypotheses: 
1- That reverse transcriptase activity can be found in ancient DNA polymerases. 
Furthermore, the reverse transcriptase sequence similarity would be higher in older 
DNA polymerases than in recently evolved DNA polymerases, and 
2- Then it is possible to increase the reverse transcriptase activity of these ancient DNA 
polymerases by varying reaction conditions. 
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Ever since Mullis (Mullis, 1987) published his paper on the development of 
polymerase chain reaction (PCR) applications of this powerful teclmique continue to 
expand. The major benefit of this teclmique is that it allows specific sequences of 
Deoxyribonucleic acid (DNA) and Ribonucleic acid (RNA) to be exponentially copied 
outside a living organism. Since its inception, PCR has been used extensively in many 
fields of biology. During the last decade, PCR became of particular importance in medicine 
and more specifically molecular diagnostics. The rapid adoption and widespread application 
ofPCR has elicited a search for better and more suitable nucleic acid polymerases which can 
improve the results and reliability of a PCR. 
The polymerases that are used today have been selected for various traits, such as 
thermostability and proofreading ability. Scientists were able to isolate DNA polymerases 
with nearly ideal properties from various organisms. However, research is still ongoing to 
study polymerases with additional properties, especially those that would make the 
amplification of RNA possible without the currently required reverse transcriptase step. 
There is great interest in the scientific community to genetically engineer an ideal 
polymerase that can amplify both DNA and RNA. A multi-functional polymerase could 
reduce the common two-step (two enzyme) reverse transcription-PCR to a single step PCR 
employing only a single enzyme. Eliminating the need for a stand-alone reverse 
transcriptase would significantly reduce the time and cost associated with a dual-stage 
amplification and also possibly decrease incidences of cross-contamination during the 
san1ple preparation steps. 
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In order to assess if such a dual polymerase can be engineered it is necessary to examine the 
data available on the evolution of nucleic acid of polymerases. Such analyses would be 
preludes to the construction of such a dual polymerase. 
1.01 Evolution of Life: The "RNA World" Hypothesis 
In 1968, Francis Crick hypothesized: "Possibly the first 'enzyme' was an RNA 
molecule with RNA replicase properties". The concept of RNA as a primordial molecule is 
even older, hypothesized by Crick, et al. in the 1960. The basis of Darwinian evolution 
states that life originated from a universal common ancestor approximately 3.5 billion years 
ago. Crick hypothesized that RNA acting as a catalyst for its own replication would itself be 
evidence for Darwinian evolution (Joyce, 2009). Another idea that would help provide 
evidence for Darwin's hypothesis of a universal common ancestor is that the earliest 
catalytic or enzymatic activity in life would have been nucleotide polymerization, simply 
because the ability to replicate genetic information accurately is a prerequisite for evolution 
(Steitz, 1999). 
In 1986, the term "RNA world" was first coined by Walter Gilbert. The appeal of the 
"RNA world" hypothesis comes from the realization that ribozymes, or catalytic RNA, 
would have been far easier to duplicate than proteinaceous enzymes, which must be first 
translated from RNA (Johnston et al., 2001). The "RNA world" hypothesis is based simply 
on the fact that certain RNA sequences can catalyze their own replication, while there are no 
known proteins that can catalyze their own replication without an RNA intermediate (Cech, 
2011). According to the "RNA world" hypothesis, life originally started with complex 
13 
Lei Zhang DNA-Directed DNA Polymerases 
Evolve From Reverse Transcriptase 
organic molecules produced by random chemistry, and while many of these molecules failed 
to achieve self-replication, eventually a specific molecule of RNA accomplished just that. 
According to evolution and natural selection, an RNA molecule eventually arose, which 
could catalyze peptide ligation, or amino acid polymerization, and only then did the 
evolution of catalytic proteins take place. Since the "RNA world" idea was first conceived, 
there has been much support both for and against it. Cech listed some persuasive arguments 
in favor of the "RNA world" in his 2011 review article (Cech, 2011) . 
/ ' 
• 
• 
• 
•• 
Complex organ ic r ;-. 
molecules produced ......... RNA '" Proteins '" DNA 
by random chemistry \...." J 
-.. 
RNA World RNP World LUCA 
Time------------------------------~~ 
Figure 1: The RNA world model showing the successive appearance of RNA, protein, and 
then DNA during the evolution oflife on Earth (Cech, 2011) 
There are four main points that support the "RNA world" hypothesis. First, RNA is 
able to store genetic information like DNA does, and RNA is able to catalyze biological 
reactions like proteins do. Conceiving one molecule (RNA) replicating and expressing itself 
is far more likely than the idea that two different molecules (DNA and protein) carried out 
these same functions early in life (Cech, 2011). 
Second, RNA has the ability to replicate itself, and RNA can function as an enzyme to 
catalyze the process of replication (Cech, 1986). Ribozyme replication only requires an 
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RNA-dependent RNA polymerase, a single macromolecule, that first synthesizes a 
complement, and then a copier the ribozyme, whereas replication via protein requires 
numerous macromolecules including a ribosome, an mRNA and many tRNAs (Johnston et 
al., 2001). 
Third, RNA likely preceded DNA, because the biosynthesis of the ribonucleotide 
precursors of RNA requires multiple enzymes, whereas deoxyribonucleotide biosynthesis 
requires two additional enzymatic activities: thymidylate synthase and ribonucleotide 
reductase. 
Finally, in all extant organisms, RNA catalysis is the key process by which protein 
synthesis occurs in the ribosome, therefore this must have occurred since at least the Last 
Universal Common Ancestor (LUCA) (Cech, 2011). 
There are also some arguments against the "RNA world" hypothesis. The first 
argument involves polynucleotide formation, which itself requires multiple steps involving 
nucleotide linkage. Nucleotides are linked via a phosphate group, and Mills and Kenyon 
(1996) have pointed out that the activation of these phosphate groups is implausible in 
prebiotic conditions, approximately 3.5 billion years ago. The phosphate linkage in the 
RNA backbone presents as a 3' -5' -phospho diester bond, whereas when phosphates are 
activated under laboratory conditions, the general polymer product between two nucleotides 
is a 5'-5'-pyrophosphate linkage. Mills and Kenyon (1996) argued that self-replication of 
RNA molecules in a properly modeled early earth would have been suppressed by 
destructive reactions. They also suggested that the "RNA world" hypothesis is based on a 
"magic RNA catalyst" that could convert activated nucleotides into a random ensemble of 
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polynucleotide sequences, a subset of which had the ability to replicate. Therefore, the 
entire hypothesis is weak, since that "magic catalyst" has yet to be shown in the laboratory 
(Mills & Kenyon, 1996). 
Nonetheless, if we were to assume that the "RNA world" hypothesis is true, then 
RNA-directed RNA polymerases would be the most ancient of poly me rases. More recently, 
when DNA evolved as a carrier of genetic information, RNA-directed DNA polymerases 
(reverse transcriptase) would have evolved to transcribe the information from RNA into its 
DNA version. Final, DNA-directed DNA and RNA polymerases would have evolved to 
replicate DNA and transcribe DNA into messenger RNA, respectively. 
It is likely that these enzymes, with similar, yet unique, abilities, could have 
independently evolved common ancestor polymerase genes, and yet did not evolve 
completely independently de novo. In support of this, a phylogenetic analysis of 82 retro-
elements from various organisms showed sequence similarity between RNA polymerases 
and reverse transcriptases, and it was concluded that these two enzymes likely evolved from 
a common ancestor (Xiong & Eickbush, 1990; McClure & Skalka, 1993). Xiong and 
Eichbush (1990) also concluded that viral-linked retro-elements are older than bacterial-
linked retro-elements because viral retro-elements were found to have greater diversity and 
are present in a wider diversity of species (Xiong and Eichbush, 1990). 
Evidence from laboratory research demonstrated that reverse transcriptase activity 
may not be completely lost from prokaryotic DNA directed-DNA polymerases. E. coli 
DNA polymerase I has been shown to exhibit limited reverse transcriptase activity (Myers & 
Gelfand, 1991). E. coli polymerase I was found to have more pronounced reverse 
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transcriptase activity in the presence of the divalent metal ion Mn2+ as opposed to Mg2+, but 
the result was plagued with limitations such as: the large quantity of enzyme required, short 
sequences of synthesized cDN A, and non-specific amplifications. In 1991, Myers & 
Gelfand used Thermus thermophilus DNA polymerase I as a reverse transcriptase while 
testing the effect of various divalent metal ions on the specificity and sensitivity of cDNA 
synthesis (Myers & Gelfand, 1991). Steuerwald, et ai. (1994), similarly concluded that 
under the proper conditions, the thermostable DNA polymerase from Thermus thermophilus 
can act as a reverse transcriptase. This has led to the introduction of high-temperature 
reverse transcription PCR protocols in which this enzyme catalyzes both reverse 
transcription and subsequent DNA amplification by PCR. In 2000, Ma, Kaiser, Lyamicheva, 
Schaefer, Allawi, Takova, et al. published results demonstrating that the reverse 
transcriptase activity of Thermus aquaticus and Thermus thermophilus hybrid polymerases 
were six times higher than Thermus aquaticus DNA polymerase I and 1.2 times higher than 
Thermus thermophilus DNA polymerase I alone. The authors concluded that the high RNA-
dependent DNA polymerase activity found in Thermus thermophilus polymerase is 
determined by the C-terminal half of the polymerase domain, in between amino acids 593 to 
830 (Ma, Kaiser, Lyamicheva, Schaefer, Allawi, Takova, et ai, 2000). 
It is not only difficult to determine the exact makeup of our prebiotic environment 
and therefore reproduce it in a lab, but it is also difficult to produce an RNA molecule 
capable of self-replication for analysis. Therefore it is extremely challenging to carry out 
experiments on an "RNA world". Because of the lack of experimental data, it seems the 
best way to study the "RNA world" hypothesis may be via bioinformatics based 
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experiments. Furthermore, critical examination of the similarities and differences between 
different nucleic acid (NA) polymerases may be of great importance. 
1.02 Polymerases 
A NA polymerase is an enzyme capable of catalyzing the formation of phosphodiester 
bonds between a free nucleotide triphosphate, and a 3' hydroxyl group of a daughter strand, 
using a template nucleic acid sequence from a parent strand. There are two types of nucleic 
acids that can be used as templates: DNA and RNA. Strands can also be generated as either 
DNA or RNA. Depending on the template and product types, there are four possible types 
ofNA polymerases: DNA-directed DNA polymerases, RNA-directed DNA polymerases, 
DNA-directed RNA polymerases, and RNA-directed RNA polymerases. DNA-directed 
DNA polymerase is by convention, termed simply DNA polymerase, while RNA-directed 
DNA polymerase is called reverse transcriptase. 
Since the 1980s, DNA-generating polymerases have been studied in detail, down to the 
structural level. Comparing the amino acid sequences and analyzing the crystal structures 
(with or without substrates and cofactors) have resulted in these polymerases being divided 
into five different families: 
1) The well-known family of DNA polymerase I, or the group A family of DNA 
polymerase. This family includes: the Klenow fragments from E. coli, Bacillus DNA 
polymerase I, Thermus aquaticus DNA polymerase, and T7 DNA polymerase (Steitz, 1999). 
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2) The a polymerases, or the group B family of DNA polymerases. This family 
includes all eukaryotic-replicating DNA polymerases and the polymerase from phage T4 
(Wang et al., 1997). 
3) The reverse transcriptase family. These polymerases use RNA as a template to 
synthesize DNA (RNA-directed DNA polymerase). This family is made up of poly me rases 
from retroviruses and telomerase from eukaryotes (Steitz et al., 1994). 
4 & 5) Family C (DNA polymerase III) and Family X (DNA polymerase ~). These 
families do not show any structural relatedness to any of previous families (Steitz, 1999) and 
were therefore separated into their own families. 
DNA polymerases: structure and function 
When determining the structures of various NA polymerases, a common architectural 
feature appears: their shape is similar to that of a right-handed. Originating from the crystal 
structure of the Klenow large fragment from DNA polymerase I in E. coli, the enzyme is 
made up of two parts: the catalytic domain and the 3'-5'-exonuc1ease domain, the active 
sites of which are 30A away from each other (Ollis et al., 1985). In 1992, Kohlstaedt et al. 
characterized the three-dimensional structure of the Human Immunodeficiency Virus type 1 
(HI V -1) reverse transcriptase protein complex. The polymerase structure was described as a 
right hand consisting of "Thumb", "Palm", and "Finger" domains (Kohlstaedt et al., 1992). 
In Steitz's review of DNA polymerases in 1999, DNA polymerase I from Thermus 
aquatic us was also described as a right hand comprised of three domains that are similar to 
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HIV -1 reverse transcriptase (Steitz, 1999). These three domains work together to read a 
template sequence, and generate its complementary strand. 
The function of the "Palm" domain is to "grip" the template strand while catalyzing the 
phosphoryl-transfer reaction (Brautigam, and Steitz, 1999). The "Palm" domain appears to 
be homologous among the polymerase I, polymerase a, and reverse transcriptase families. 
In these "Palm" domains, there are always two conserved amino acids that contain 
carboxylate side chains capable of binding divalent metal ions in close proximity to the 
primer-template complex. The deoxynucleoside triphosphate (substrate) is also found in this 
vicinity (Doublie et at., 1998). As an example, in the crystal structure ofT7 DNA 
polymerase, one can observe a complex with a primer, a template and a deoxynucleoside 
triphosphate. In this case, the divalent metal ions bind with two aspartic acid residues on the 
backbone of the enzyme (Steitz, 1999). The divalent ions act to stabilize the transition 
structure during the polymerization reaction as seen in Figure 2. This first happens when 
one ion acts to lower the pKa of the ribose sugar by interacting with the 3' -hydroxyl on the 
primer strand, which facilitates the subsequent attack on the a-phosphate of the aptly chosen 
incoming deoxynucleoside triphosphate (Steitz, 1999). The second divalent ion then 
stabilizes the leaving group (pyrophosphate) by binding to the ~- and 'Y-phosphates, helping 
them detach from the a-phosphate (Figure 2). This not only happens in DNA polymerase I, 
but also in reverse transcriptase, and other polymerase enzymes that also require two 
divalent metal ions to catalyze the phosphoryl transfer reaction (Steitz & Steitz, 1993). 
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Figure 2. The mechanism of DNA polymerization (Steitz, 1999). The two divalent metal 
ions present in the active site (A & B) stabilize the penta-coordinated transition state. The 
two aspartic acids (D) interact with the divalent ions to help stabilize the transition state. Ion 
A activates the 3'-hydroxyl for attack on the a-phosphate of the dNTP. Ion B builds up on 
the leaving oxygen, and chelates the p- and y-phosphates (Steitz, 1999). 
In contrast, with the "Palm" domain, the "Thumb" and "Fingers" domains are not as 
highly conserved throughout the many polymerase families. The "Thumb" domain plays a 
role in positioning, processing and translocating the template nucleic acid that is being read 
(Brautigam, and Steitz, 1998). This domain can directly interact with the additional 
exonuclease domain while also providing a binding site for the single strand template. 
Although the "Thumb" domain is not as highly conserved as the "Palm", there are general 
features to be found across the families such as parallel or anti-parallel a-helices which can 
interact with the minor groove of the primer/template complex (Eom et al., 1996). In the 
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polymerase I family, there are a series of conserved loops near the top of the "Thumb" 
domain which function to bind the primer/template backbone (Doublie et al., 1998). 
The "Fingers" domain serves to interact with the incoming nucleoside triphosphate, as 
well as the individual nucleotide to which it will be paired with on the template strand. Like 
the "Thumb" domain, the "Fingers" domain is not highly conserved across the different 
polymerase families, however there is an a-helix motif near the terminal end of the 
primer/template complex which has a similar function to the "Thumb" domain during 
polymerization. The side chains on the amino acids that make up this a-helix provide a 
mechanism for correctly orienting the incoming nucleoside triphosphate. During the 
polymerization process, a random nucleoside triphosphate will first enter the vicinity of the 
primer/template complex, and if no base-pair is formed, it will leave the site and this cycle 
will repeat until the correct nucleoside triphosphate, one which can form a base pair with 
template, enters the site. Once a successful base pair has occurred, the "Fingers" domain 
will rotate into position and catalysis will occur (Sawaya et aI., 1997). This contrasts with 
what occurs in the reverse transcriptase family, where an anti-parallel B-ribbon structure is 
present at the terminal end of the primer/template complex, which is responsible for 
interacting with incoming nucleoside triphosphates (Huang et aI., 1998). While protein 
secondary structure can vary among the polymerase families, the same type of residues will 
be present to interact with the incoming nucleoside triphosphate in the "Fingers" domain. 
For example, Arginine-72 in HIV-l reverse transcriptase and Lysine-522 in T7 DNA 
polymerase both interact with the non-bridging oxygen of the a-phosphate from an incoming 
nucleoside triphosphate when the enzyme is functioning normally (Steitz, 1999). 
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Among the polymerase families, reverse transcriptase (an RNA-directed DNA 
polymerase) was initially discovered as a retrovirues encoded enzyme catalyzing DNA 
replication from an RNA template. Reverse transcriptase, a ribo-nucleoprotein, is a mutli-
domain enzyme that can be associated with protease, RNase, nuclease, and maturase (RNA 
foldase) domains, depending on the functional role of the enzyme (Ng et aI., 2007). 
Reverse transcriptases can be found in viruses, prokaryotes, eukaryotes and Archaea 
(Martinez-Abarca & Toro, 2000; Taro, 2003). Xiong and Eickbush's (1990) multiple 
sequence alignment results comparing reverse transcriptase-related genetic elements showed 
that the amino acid sequences are generally highly variable among the retroelements, 
however they found seven peptide regions containing 178 amino acids that are common to 
all retroelements. Within these seven conserved domains present in all reverse transcriptase 
sequences, there are 42 conserved positions that contain identical or chemically similar 
residues (Xiong & Eickbush, 1990). One motif containing four tandem residues (Tyrosine-
Alanine-Aspartic Acid-Aspartic Acid) forms part of the active site in reverse transcriptase. 
Since all reverse transcriptases share these conserved amino acid regions, they are presumed 
to derive from the same ancestral genes and have a similar catalytic mechanism (Shandilaya 
et ai, 2004). These ancestral genes are known as retroelements, genetic elements that code 
far reverse transcriptases and employ the replication or mobility process of reverse 
transcription (Vellore et aI., 2004). A large variety of these ancient and mostly inactive 
retroelements have been found in almost every type of eukaryote, as well as RNA and DNA 
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viruses, transposons, introns, and mitochondrial plasmids (Xiong and Eickbush, 1990; 
Vellore et al., 2004). 
Bacterial chromosomes are also found to contain retroelements encoding reverse 
transcriptases, as found by two independent studies conducted in the early 2000s, which 
were found to be Group II introns and Retrons (Martinez-Abarca & Toro, 2000; Zimmerly 
et aI., 2001). Group II introns were initially identified in the genomes of organelles in lower 
eukaryotes and plants, but not in Archaea (Lambowitz and Belfort, 1993). In an active open 
reading frame, Group II introns could code for an enzyme with reverse transcriptase activity. 
Group II introns, also known as self-splicing RNAs, have been found to interrupt genes in 
the genomes of mitochondria and chloroplasts, and are now also recognized to be common 
in bacteria (Martinez-Abarca and Toro, 2000). The protein encoded by the intron, 
discovered in prokaryotic chromosomes, contains four domains: Z, X, Zn and a domain with 
reverse transcriptase activity in the middle. Domain Z, whose function is currently 
unknown, is located at the amino-terminus of the reverse transcriptase domain. Domain X, 
containing maturase activity, is also a putative RNA-associated binding domain. Domain 
Zn is required for intron mobility and possesses DNA endonuclease activity (Martinez and 
Toro, 2000). 
Retrons are another type of retroelement found in bacteria which produce satellite 
DNA (Lim & Maas, 1989). In Myxobacteria and E. coli chromosomes, the gene for reverse 
transcriptase, a retron, ultimately causes a Protein-DNA-RNA complex (Lampson et al., 
2001). In this complex, the single-stranded satellite DNA can connect with RNA at 5' end 
ofthe DNA chain by a 2' -5' phosphodiester bond that occurs at an internal guanosine 
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residue. The guanosine residue then becomes the initiation point for reverse transcription 
(Lampson et al., 2001). Several hundred copies of these satellite Protein-DNA-RNA 
compounds have been found, but the biological function, other than to possibly replicate, is 
unknown. 
1.03 Polymerases Used in Molecular Biological Research 
Research in the field of molecular biology routinely makes use of thermostable DNA 
polymerases, which are vitally important and in widespread use. Applications requiring a 
thermostable DNA polymerase include gene cloning, site directed mutagenesis, and DNA 
sequencing. In vitro exponential amplification of a specific sequence of nucleic acids, using 
a DNA polymerase, was first proposed in 1985 (Saiki et al., 1985). Today, this technique, 
known as polymerase chain reaction (PCR), is the most widely used and cited method in 
molecular biology. Initially, E. coli polymerase was used, however, it became denatured 
after only a few cycles of amplification. Therefore a more heat-resistant enzyme was sought 
out. Currently, the most widely used DNA-directed DNA polymerases come from 
thermostable prokaryotes such as Thermus aquatic us, Thermus thermophilus, and 
Pyrococcus furiosus. The advantages of the Pyrococcus furiosus polymerase is its superior 
thermostability and the fact that it possesses 3' to 5' exonuclease proofreading activity 
which can correct for nucleotide mis-incorporation errors during polymerization. Due to 
this proofreading functionality, Pyrococcusfuriosus-based polymerases are generally used 
in gene cloning. 
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Both DNA- and RNA-directed DNA polymerases catalyze the polymerization of 
DNA. Therefore, they are both considered "DNA polymerases" with their only significant 
difference being their respective choice of template; DNA or RNA, respectively. The major 
difference between DNA and RNA is the additional hydroxyl group (-OB) on every 2' 
carbon of all the sugar residues in the RNA template. Other differences between DNA and 
RNA are: the use of uracil in place of thymine in RNA versus DNA; the sugar pucker ofa 
C3 endo- versus C2 endo- form in RNA compared to DNA; and RNA is usually single 
stranded versus DNA being double stranded. Also, when both DNA and RNA are double 
stranded, due to sugar puckering, RNA will form an A-type helix at physiological conditions 
versus DNA forming a B-type. During polymerization, however, both types of polymerase 
will grip an incoming deoxyribonucleotide triphosphate in the presence of the potentially 
complementary template. In this way, all polymerases make use of the ability of RNA and 
DNA to base pair in order to proceed with incorporation of a complimentary nucleotide. 
During reverse transcription-PCR (RT-PCR), an RNA strand initially acts as a 
template, and is converted to a more stable DNA copy (cDNA) by reverse transcriptase. 
Following this initial reverse transcription step, the newly formed cDNA will now act as a 
template for standard PCR. This process has proved invaluable for amplifying RNA targets. 
Some examples where an RNA target is important include: cloning the intermediary of a 
gene (mRNA); quantifying gene expression; and detecting RNA virus load (Myers and 
Gelfand, 1991). There is still a problem when using modern standalone reverse 
transcriptases to convert RNA to cDNA before PCR. The most commonly used reverse 
transcriptase, Moloney murine leukemia virus Reverse transcriptase, an RNA directed-DNA 
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polymerase, which is derived from an animal virus, is most active at only 50°C. During 
cDNA conversion, processivity can be inhibited by significant RNA secondary structure. 
Secondary structures in template RNA are dependent on sequence and temperature, and can 
therefore affect the quality and quantity of cDNA produced (Fu & Stuve, 2003). A 
thermostable reverse transcriptase would allow for reverse transcription at higher 
temperatures, which could improve the specificity and accuracy of cDNA synthesis. This in 
tum improves the results of the subsequent PCR, and hence RT-PCR, in general (Malboeuf 
et al., 2001; Hamilton et al., 2001). Another problem for RT-PCR is the many steps and 
enzymes involved. In the first step, cDNA is synthesized by retroviral reverse transcriptase. 
In the second step, polymerase chain reaction is completed with a DNA polymerase. The 
many steps required can lead to cross contamination during the preparation and handling of 
the products, and the presence of retroviral reverse transcriptase from the first step can itself 
act as an inhibitor of the subsequent PCR step. 
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Three microorganisms were used in these studies: Thermus thermophilus, Thermus 
aquaticus, and Escherichia. coli DH5a. 
Thermus thermophilus HB8 (Cat # 27634D-5) genomic DNA was obtained from the 
American Type Culture Collection (ATCC; Manassas, V A). This genomic DNA was used 
as the template for cloning the Thermus thermophilus DNA polymerase I gene, using the 
sequence of the Thermus thermophilus genome (GenBank: AP008226.l) and its DNA 
polymerase gene (GenBank: BAD70877.1). The Thermus aquaticus DNA polymerase gene 
was used to construct the hybrid DNA polymerase. Escherichia coli DH5a was used as a 
host for the recombinant plasmids construction. Both Escherichia coli DH5a and Thermus 
aquaticus DNA polymerase I gene were obtained from M. EI-Mogy (Norgen Biotek Corp.). 
2.02 Bacterial Growth and Plasmid DNA Purification 
E. coli DH5a bacterial cultures containing either pTth, pTaq or pTaq-Tth plasmids 
were inoculated into 5 mL Luria Broth (LB) medium containing 5 ilL of 1000X ampicillin 
(l0 mg/mL). The bacterial cultures were incubated at 37 DC for 16 h in a shaker. The 
plasmid DNA was purified using Norgen's Plasmid MiniPrep DNA Kit (Cat # 13300), as 
per the manufacturer's protocol. Briefly, 1.5 rnL of bacterial culture was centrifuged for 1 
min, and the supernatant was decanted. To the cell pellet, 200 ilL of Resuspension buffer 
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and 250 ilL of Lysis solution were added and gently mixed until the mixture became clear. 
Next, 350 ilL of Binding solution was added, and immediately mixed. The mixture was 
centrifuged for 10 min, and the lysate was transferred onto the provided spin column. After 
centrifugation, 600 ilL of Wash solution was applied to the column, and the column was 
spun for 1 min. Finally, 50 ilL of Elution buffer added to the column to elute the plasmid 
DNA. 
2.03 Constructing the Plasmid Containing the Thermus 
thermophi/us DNA Polymerase Gene 
Amplifying the Thermus thermophilus DNA Polymerase Gene 
To amplify the Thermus thermophilus DNA polymerase gene, specific primers for 
the polymerase sequence were designed, ordered and obtained from Integrated DNA 
Technologies Inc. (IDT®). The forward, 5'-CGAATTCCATGGAGGCGATGCTTC C-3' 
and reverse, 5'-GCTCTAGACCTAACCCTTGGCGGAAA-3' primers both have near their 
respective 5' ends a recognition site for either EcoRI (5'-GAATTC-3') or XbaI (5'-T 
CT AGA-3') restriction enzymes. 
The PCR amplification conditions were chosen to elicit efficient amplification of the 
Thermus thermophilus DNA polymerase fragment from its genomic DNA (2505 bp) 
(Appendix B 1). The reaction mixture consisted of Thermus thermophilus HB8 genomic 
DNA (l00 ng), 6 ilL (2.5 IlM) of each primer (forward and reverse), 1 ilL (10 mM) dNTP 
mix (Norgen Biotek Corp., Cat # 28106), 5 ilL of 10X Pfu PCR buffer with MgS04 
(Fermentas, Cat # EP050 1), and 2.5 units of recombinant thermostable Pfu DNA polymerase 
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(Fermentas, Cat # EP0501). The PCR was initiated by heating the reaction to 95 DC for 1 
minute for DNA template denaturation. Next, the PCR mixture underwent 25 cycles of: 
95DC denaturation for 30 seconds, 60DC annealing for 30 seconds and nDc extension for 5 
minutes. Following the 25 cycles, a final extension was done at 72 DC for 5 minutes. 
Constructing the plasmid (pTth) 
To construct a plasmid (PTth) with the Thermus thermophilus DNA polymerase 
insert, the 2505 base pair amplicon, obtained from the PCR, was cleaned up directly from 
the 1.2% agarose gel using a DNA Gel Extraction Kit (Norgen Biotek Corp., Cat # 13100). 
The fragment was then digested with EcoRI (NEB, Cat # RO 1 OIL) and XbaI (NEB, Cat # 
ROI45L) restriction enzymes and ligated with T4 DNA ligase (NEB, Cat # M0202L) into 
the pUC18 expression vector (M. EI-Mogy, Norgen Biotek Corp.) which had also been 
digested with the same restriction enzymes. For the digestion reaction, 1 ilL of each EcoRI 
and XbaI restriction enzymes were used in a reaction with 2 ilL ofNEBuffer 2 (NEB, Cat # 
B7002S). The digestion reaction was incubated at 37 DC for 4 h. In the ligation reaction, the 
fragment and digested plasmid were mixed at a 4:1 molar ratio. One microliter ofT4 DNA 
ligase (NEB, Cat # M0202L) and 2 ilL ofT4 DNA ligase buffer (NEB, Cat # B0201S) were 
used for ligation; the reaction took place at 25 DC for 2 h. 
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2.04 Constructing the Plasmid Containing Hybrid Thermus 
aquaticus and Thermus thermophi/us DNA polymerase Genes 
Amplifying the 732 base pair region o/the Thermus thermophilus DNA 
Polymerase Gene 
To construct the hybrid Thermus aquaticus and Thermus thermophilus DNA 
polymerase, primers were designed to amplify a 724 base pair region from within the 
Thermus thermophilus DNA polymerase gene. The forward primer, 5'-TGCCAAGCT 
TGCATGCCTGC-3', and a reverse primer, 5' -CTCTTTGACGAGCTTAGGCT -3', were 
ordered from IDT® Inc. The amplified fragment contained a HindIII(5'-AAGCTT-3') and 
an XbaI (5' -TCTAGA-3') restriction site. 
The PCR reaction consisted of 100ng of pTth DNA as a template, 6 ilL (2.5 IlM) of 
each primer, 1 ilL (10 mM) of dNTP mix (Norgen Biotek Corp., Cat # 28106), 5 ilL of lOX 
Pfu PCR buffer with MgS04 (Fermentas, Cat # EP050l), and 2.5 units of recombinant 
thermostable Pfu DNA polymerase (Fermentas, Cat # EP0501). The PCR reaction was 
initially denatured at 95 DC for 1 min. The PCR reaction then underwent 25 cycles of 95 DC 
for 30 sec (denaturation), 60DC for 30 sec (annealing), and then 72DC for 2 minutes 
(extension). The final extension was done at 72DC for 5 min. 
Constructing the plasmid (pTaq-Tth) 
The amplified fragment (724 base pairs) was cleaned up from a 1.2% agarose gel 
using Norgen Biotek's DNA Gel Extraction Kit, Cat # 13100. The gel-cleaned PCR product 
was then double-digested with HindIII (NEB, Cat # R31 04 L) & XbaI (NEB, Cat # RO 145L) 
restriction enzymes. One microliter of each HindIII and XbaI restriction enzymes was used 
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in the reaction with 2 ilL ofNEBuffer 4 (NEB, Cat # B7004S) at 37 DC for 4 h. The 
digested fragment was then ligated into pTaq plasmid (M. EI-Mogy, Norgen Biotek Corp.), 
which was digested with the same restriction enzymes. The fragment and plasmid were 
added at a 5:1 molar ratio using 1 ilL ofT4 DNA ligase (NEB, Cat # M0202L) and 2 ilL of 
T4 DNA ligase buffer (NEB, Cat # B0201S) in the ligation reaction. The reaction was 
carried out at 25 DC for 2 h. 
2.05 Plasmid Transformation 
The two newly constructed plasmids, pTth and pTaq-Tth, were separately 
transformed into host bacterial cells, E. coli DH5u. The plasmid DNA (50 ng) was mixed 
with an E. coli DH5u culture. The mixture was placed on ice for 30 min with intermittent 
shaking. The mixture was then placed at 42 DC for 45 sec, and immediately placed on ice 
for another 2 min. Next, the mixture was shaken at 37 DC with 700 ilL of LB for 1 h. The 
mixture (25 ilL) was then plated on LB agar plates with 50 Ilg/mL ampicillin antibiotics. 
The plates were incubated at 37 DC for 16 h. 
2.06 Plasmid Screening 
From the transformation plates, the grown colonies were chosen at random for 
confirmation of the expected plasmid construct, and grown in 5 mL LB overnight at 37DC 
with shaking. Plasmid DNA (PTth) from the transformed colonies was isolated using the 
Plasmid MiniPrep DNA Kit (Norgen Biotek Corp., Cat # 13300) and was digested with 
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EcoRI and XbaI restriction enzymes (described previously). Purified DNA displaying the 
expected band pattern on the agarose gel had their plasmid DNA sent for sequencing 
(Applied Biosystems 3130XL, York University, Department of Biology Sequencing 
Service). The results from sequencing showed a 100% match between our cloned Thermus 
thermophilus gene sequence and that of a reference sequence on GeneBank (AP008226.1). 
For the hybrid DNA polymerase screening, plasmid DNA (pTaq-Tth) from the 
transformed colonies (grown in 5 mL of LB overnight at 37°C with shaking) was isolated 
(Norgen Biotek Corp. Plasmid MiniPrep DNA Kit, Cat # 13300) and digested with HindIII 
restriction enzymes. Colonies yielding expected band patterns were sent for sequencing 
(Applied Biosystems 313 OXL, York University, Department of Biology Sequencing 
Service). Results from the sequencing showed a 100% match between actual sequences and 
reference database sequences found on GeneBank (104639.1 & AP008226.1). 
2.07 DNA Gel Electrophoresis 
Amplified and digested DNA fragments were analyzed by a IX Tris-Acetate EDTA 
(T AE) 1.2% agarose gel with 0.3 Ilg/mL of ethidium bromide. DNA samples were mixed 
with 6X DNA loading dye (0.5 M EDTA, 20 % SDS, 0.09 % w/v Bromophenol blue, and 60 
% glycerol) and loaded on the agarose gel. The running voltage applied on the gel was 4 
v/cm (distance between the two electrodes). The running buffer was IX TAE Buffer (SOX 
stock solution containing 2 M Tris base, 17.4 M Glacial acetic acid, and 0.5 M EDT A). The 
gel was visualized using the AlphaImager 2200. 
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2.08 Protein Expression Purification using Ion Exchange 
Chromatography 
DNA polymerase protein expression 
Thermus thermophilus DNA polymerase and hybrid Thermus aquaticus & Thermus 
thermophilus DNA polymerase were expressed and purified according to the same 
procedures. All protein expression and purification procedures were carried out at 4°C, 
unless otherwise noted. Twenty five microliters of bacterial culture containing either pTth 
or pTaq-Tth plasmids were inoculated into 250 mL LB medium containing 250 lJ.L of 1000X 
ampicillin. The plasmid-containing bacteria were incubated at 37°C for 16 h with shaking. 
When the culture growth reached an OD600 of -0.7, 125 lJ.L of ImM IPTG was added into 
the growth culture, which was then incubated at 37°C for another 16 h. The induced culture 
was harvested by centrifugation at 4000 g for 30 min. 
The resultant bacterial pellet was resuspended in 7.5 mL of lysis buffer A, containing 
50 mM Tris-HCI (PH 7.9), 50 mM dextrose, 1 mM EDTA and 4 mg/mL lysozyme. After 15 
min of incubation at room temperature, 7.5 mL of buffer B, containing 25 mM KCI, 20 mM 
HEPES (PH 7.9), 1 mM EDTA, 0.5 mM PMSF, 1 % Tween (2.5 mL) and 1 % Nonident-P40 
(2.5 mL) was added to the mixture (Lawyer et aI., 1989). In order to inactivate the majority 
of bacterial proteins except the recombinant DNA polymerase proteins, the resuspended 
pellet in buffer A and B was heated to 75°C for 1 h in a shaking water bath. In order to 
precipitate the denatured lysate, the mixture was then centrifuged at 12,000 g for 10 min at 
4°C. An ammonium sulfate precipitation was subsequently performed, by adding 5g of 
ammonium sulfate in 5 min to the supernatant obtained from the previous step. Addition of 
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ammonium sulfate was done with rapid stirring. Stirring was then continued for an 
additional 15 minutes. The mixture was then centrifuged at 14,000 g for 15 minutes, after 
which both the precipitate and the floating pellets were collected. 
In the dialysis step, pellets harvested from the ammonium precipitation were 
resuspended into buffer B containing 25 mM KCI, 20 mM HEPES (PH 7.9), 1 mM EDTA, 
0.5 mM PMSF, 1 % Tween (2.5 mL) and 1 % Nonident-P40 (2.5 mL). A dialysis tube 
(regenerated cellulose dialysis tubing MWCO 12000-14000, Fisher Scientific Cat # 21-152-
14) was rinsed in buffer B containing 15 mM KCI for 20 minutes. The resuspended pellets 
were then transferred into the dialysis tube and both ends were clamped. The dialysis tube 
was then placed in 500mL of buffer B containing 15 mM KCl. The pellets underwent 3 
rounds of dialysis at 4°C for 12 hours each, using 500mL of fresh buffer each time (Lawyer 
et al., 1989). 
DNA polymerase protein purification 
During the purification step, the dialyzed sample obtained previously was applied 
onto 2.5g of Bio-Rex 70 resin (BioRad, Cat# 143-5832). The resin was then rinsed with 
10mL of buffer B containing 50mM KCI for 3 rounds at 30 minutes each. The sample was 
washed again with 15mL of buffer B containing 50mM KCl. Finally, the washed DNA 
polymerase proteins were eluted from the resin by passing 12.5mL of buffer B containing 
200 mM KCI through the resin. The elution was collected into 500J.lL fractions, one after 
another, starting from time zero. 
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2.09 Quantitating Protein Concentrations and Activities 
Bradford assay to determine the concentration of purified DNA polymerase 
The Bradford assay was used to determine the concentrations of the total purified 
DNA polymerase proteins. A standard curve was generated using known amounts of bovine 
serum albumin (BSA, 10 mg/mL). The concentrations of unknown protein samples were 
determined based on this standard curve. The absorbance readings were taken at 595nm. 
SDS-PAGE to determine the molecular weight of purified DNA polymerase 
The molecular weight of the purified polymerase in each fraction was estimated by 
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE; 12.5% gel). The 
separating gel (12.5%) contained 4.9mL H20, 6mL of 30% Acrylamide (29:1), 3.8mL of 1.5 
M Tris pH 8.8, 150~L of 10% SDS, 150~L 10% APS and 6~L TEMED. The stacking gel 
(5%) contained 3.4mL H20, 830~L Acrylamide (29:1), 630~L of 1.0 M Tris (pH 6.8), 50~L 
of 10% SDS, 50~L of 10% APS and 5~L TEMED. The protein samples were loaded onto 
the gel with 3X Protein Loading Dye (Norgen Biotek, Cat # 28155). The running voltage 
was set to 200 V, and the current was 60 rnA per gel. The running buffer was IX SDS-
PAGE Running Buffer (Diluted from a 5X SDS-PAGE Running Buffer, 72 gIL Glycine, 15 
giL Tris base, 5 gIL SDS). 
Coomassie Blue R-250 staining solution (40% Methanol, 10% Acetic Acid, and 2.5 
gIL ofCoomassie Blue R-250) was used to stain the proteins electrophoresed in the 
polyacrylamide gel. The gel was gently shaken in staining solution for 30 minutes at room 
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temperate. The destain solution (40% Methanol and 10% Acetic Acid) was then used to 
de stain SDS-PAGE gels. Images of the protein gels were taken using the AlphaImager 
2200. 
peR to determine the units of purified DNA polymerase 
The units of purified DNA polymerase proteins were determined using PCR. In 
multiple different reactions, all the PCR mixture consisted of template DNA (100 ng), 2J..lL 
(2.5 J..lM) of each primer, 1J..lI (10 mM) of dNTP mix (Norgen Biotek Corp., Cat # 28106), 
2J..lL of lOx Taq Reaction Buffer Plus (Norgen Biotek Corp. Cat # 28089), and 0.5J..lL of each 
purified fraction. The positive control contained 0.5J..lL of 5 unit/J..lL Taq polymerase 
(Norgen Biotek Corp., Cat# 28095) and the negative control didn't contain any DNA 
polymerase. The PCR was initiated at 95°C for 1 minute. Following the initial DNA 
template denaturation, the PCR mixture underwent 30 cycles of denaturation at 95°C for 30 
seconds, followed by annealing for 30 seconds at 55°C, and extension for 2 minutes at 72°C. 
The final extension was done at noc for 5 minutes. 
To determine the activity of the purified DNA polymerase, a standard curve of 
amplicon intensity using a commercial Taq polymerase (Norgen Biotek Corp., Cat# 28089, 
5 units/J..lI) was generated using the AlphaEaseFC™ (AlphaImager 2200-AlphaInnotech) 
software. Commercial Taq polymerase was used in PCR reactions employing different 
amounts of enzyme with known activity of 5 unit/J..lL (0.02J..lI, 0.04J..lI, 0.06J..lI, 0.08J..lI, 1 J..lI, 
1.2J..lI, 1.4J..lI, 1.6J..lI, 1.8J..lI, 2J..lI). The amplicons were visualized on a IX TAE 1.5% agarose 
gel, and the area under the peak was calculated by AlphaEaseFC™. Area Under the Curve 
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values are a measure of the amount of DNA present after a PCR reaction, and are directly 
proportional to the amount of polymerase (in units) present during the reaction. The same 
PCR reactions were repeated using purified DNA polymerase in place of commercial Taq 
polymerase. Area Under the Curve was calculated for each volume of DNA polymerase 
used in each reaction, and a curve was plotted. Where the Area Under the Curve values 
matched between the standard curve and the curves for the purified DNA polymerase, we 
could safely say that the same level of activity must have been present, and therefore we 
were able to calculate polymerase activity units for the purified DNA polymerase. 
Purified protein storage 
Storage buffer was added to the purified proteins at a one to one ratio. The storage 
buffer contained 50 mM Tris-HCI, pH 8.0, 50 mM NaCI, 0.1 mM EDTA, 0.5 mM DTT, 1 % 
Triton X-IOO (5mL), and 50% glycerol (250mL). The final solution containing the 
recombinant Thermus aquaticus DNA polymerase was named M-I while the final solution 
containing the Thermus aquaticus and Thermus thermophilus hybrid DNA polymerase was 
named M-2. Both M-I and M-2 were stored at -20°C for subsequent experiments. 
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2.10 Reverse Transcription-Polymerase Chain Reaction (RT -PCR) 
The reverse transcriptase activities of purified DNA polymerases were tested by RT-
PCR. The process was done in two steps, starting with reverse transcription. For the reverse 
transcription step, template RNA (total RNA isolated from HeLa cells using Norgen's Total 
RNA Purification Kit, Cat# 17200) and 1 J.lL of S 15 reverse primer (5 J.lM, 5'-
CGGGCCGGCCATGCTTTACG -3') were incubated at 65°C for 5 minutes. Next, IJ.lL of 
10 mM dNTP mix (Norgen Biotek Corp., Cat # 28106) was added, along with 2J.lL of 50 
mM Tris-HCI (PH 8.3) and 2J.lL of75 mM KCI, at room temperature (25°C). The 
polymerase was then added. In the positive control, 0.1 J.lL SuperScript III Reverse 
Transcriptase (Invitrogen, Cat# 18080-093,200 units/J.ll) and 1.2J.lI ofMg2+ (50 mM) were 
added to the reverse transcription mixture. There have four negative controls: no template 
RNA during reverse transcription step; no reverse transcriptase enzymes; no template 
cDNA in PCR step; use RNA as template directly added in PCR step. The reaction was 
carried out at 50°C for 25 minutes, followed by incubation at 70°C for 10 minutes in order 
to stop the reaction. The reverse transcriptase activity (ability to synthesize cDNA from 
RNA) was assayed by subsequent PCR of the reverse transcription-step product. The 
second PCR step consisted of mixtures containing 3 J.lL of reverse transcription product, 1 J.lL 
ofS15 reverse primer (5 J.lM, 5'-CGGGCCGGCCATGCTTTACG -3'), IJ.lL ofS15 forward 
primer (5 J.lM, 5'-TTCCGCAAGTTCACCTACC-3') and 10J.lL of2X PCR Master Mix 
(Norgen Biotek Corp., Cat # 28007). PCR reactions were heated to 95°C for 1 minute. 
Following the initial DNA template denaturation, PCR reactions underwent 30 cycles of 
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denaturation at 95°C for 30 seconds, annealing for 45 seconds at 58°C and extension for 2 
minutes at noc. The final extension was done at noc for 5 minutes. The amplification 
products were then analyzed on a IX TAE 1.2% agarose gel by electrophoresis. 
2.11 Bioinformatics 
Prokaryotic families with different ages were chosen based on the small subunit 
ribosomal RNA-based tree oflife. The 32 DNA-directed DNA polymerase protein 
sequences and 3 viral reverse transcriptases were gained from the NCB! database. The 
names and accession numbers of the 32 protein sequences are listed in Appendix A. The 
ClustalX multiple sequence alignment program was used to align the protein sequences and 
generate a phylogenetic tree. 
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3. Results 
3.01 Phylogenetic Tree Comparing DNA-Directed DNA 
Polymerase Against Reverse Transcriptase Protein Sequences 
To test the first hypothesis ofthis study, which stated that ancient prokaryotic 
organisms contain a higher degree of reverse transcriptase sequence similarity in their DNA-
directed DNA polymerases than newer prokaryotes, the data were downloaded from the 
National Center for Biotechnology Information (NCBI)'s databank. Briefly, protein 
sequences of DNA directed-DNA polymerases from 32 different species from among 11 
different prokaryotic families were downloaded. The 11 prokaryotic families were chosen 
based on their age, using the small subunit ribosomal RNA-based tree oflife (Battistuzzi & 
Hedges, 2009). Table 1 lists these 11 prokaryotic families. The oldest family was found to 
be Fuscobacteriaceae, which appeared some 3.3 billion years ago, while the newest family, 
Nitrosomondadaceae, appeared about 1 billion years ago. 
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Table 1: The evolutionary age of prokaryotes based on small subunit ribosomal RNA 
sequencing (Battistuzzi & Hedges, 2009). 
Prokaryotic Families Age (Billion years) 
Fusobacteriaceae 3.306 
Planctomycetaceae 2.762 
Chlorobiaceae 2.099 
Thermoanaerobacteriaceae 1.747 
Geobacteraceae 1.413 
Lactobacillaceae 1.392 
Neisseriaceae 1.386 
Caulobacteraceae 1.326 
Moraxellaceae 1.306 
Bacillaceae 1.121 
Nitrosomonadaceae 1.055 
These 32 protein sequences from organisms of known ages were aligned against 
three viral reverse transcriptases using the ClustalX multiple sequence alignment program. 
A phylogenetic tree was constructed by aligning the polymerase sequences from all 32 
species against the sequences from three reverse transcriptases (NCBI's databank) found in: 
Human immunodeficiency virus (HIV), Moloney murine leukemia virus (ML V) and Ovine 
enzootic nasal tumor virus (ENTV) (Figure 3). 
42 
Lei Zhang 
~rl 
r-
,...-
LC 
I 
Y 
.-
l...-
I 
---- 0.1 
I 
nC 
DNA-Directed DNA Polymerases 
Evolve From Reverse Transcriptase 
HIV_ 
Ovine-enzootic -nasal-Iumor-virus 
Moloney- murine-leukemia -viru s 
Thermus.lhermophiles 174 7 
Thermus.aquaticus 1747 
Sirepiobacill u s.moniliformis 3306 
Isosphaera.pallida2762 
Pirellula.slaleyi2762 
Proslhecochloris.aesluarii2099 
Luliella.nilroferrum 1386 
Aci nelobacler.caicoacelicu s 1306 
Acinelobacrer.baumannii1306 
Planclomyces.bras iliens i s2 762 
Planclomyces.limnophilus2762 
As liccacauli s.excenlricus 1326 
Moorella.lhermoacelica1747 
Geobacler.uraniireducens 1413 
Geobacler.lovleyi 1413 
Thermoanaerobacler.elhanolicus 174 7 
Thermoanaerobacler.pseudelhanolicus 
Thermoanaerobacler.ilal icus 1747 
Laclobacillus.acidophilus 13 92 
Laclobacillus.crispalus 1392 
Neisseria.cinerea1386 
Neisseria.polysaccharea1386 
Neisseria.laclamica1386 
Neisseria.mucosa1386 
Neisseria.subflava1386 
Brevundimonas.subvibrioides1326 
Psychrobacler.cryohalolenlis 1306 
Caulobacler.segnis 1326 
Nilrosos pi ra.m uhiformis 1055 
Bacillus.cellulosi Iylicus 1021 
Geobacillus.lhermoglucosidas ius 1021 
Bacillus.cyloloxicus 1021 
Figure 3: Phylogenetic tree comparing 32 DNA-directed DNA polymerase protein 
sequences against 3 reverse transcriptase protein sequences. The most similar are at the top, 
and the least similar are at the bottom. The scale bar represents a genetic distance calculated 
by the number of base substitution per site of 0.1. 
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The phylogenetic tree in Figure 3 shows the relationship between DNA-directed 
DNA polymerases and reverse transcriptases, based on a multiple sequence alignment. The 
DNA-directed DNA polymerases from Thermus thermophilus and Thermus aquaticus show 
the closest relationship with the reverse transcriptases from among all DNA polymerases 
tested. 
To generate the graph in Figure 4, data in Figure 3 was interpreted by giving 
numbers 1 through 32 to each polymerase, with number 1 being at the top of the tree, and 
consecutive numbering for all polymerases down to number 32 given to the polymerase at 
the bottom of the tree (Bacillus cytotoxicus). 
44 
Lei Zhang DNA-Directed DNA Polymerases 
Evolve From Reverse Transcriptase 
"-' 
.... 
::-= 
<!.> 
>-. 
.§ 
§ 
~ 
--J 
......... 
0 
<!.> 0 
'='IJ ~ ::-= 
E-
< Z 
0:::: 
.... 
tr. 
"-' 
§ 
<!.> 
"'fJ 
< 
3.5 
3 t 
2.5 
2 
1.5 
1 I 
0.5 j Age -::::;. -A.O.609*(Evolutionary Distance frOIll RT) + 
2331.8 
o R~ ~ 0.42971 
o 5 10 15 20 25 30 
Evolutionary distance bet\veen DNA polynlerase and reverse 
tn1l1seriptase (relative distance, unit less) 
35 
Figure 4: Evolutionary age (via small subunit ribosomal RNA sequencing) correlated against 
the similarity between DNA-directed DNA polymerase amino acid sequences from 32 
prokaryotic species within 11 families and reverse transcriptase sequences from 3 viruses. 
As the distance between DNA-directed DNA polymerase and reverse transcriptase indicates 
the similarity, a shorter distance means that a particular polymerase has a higher degree of 
the reverse transcriptase sequence similarity. Combining the evolutionary ages of 11 
different prokaryotic families and the similarity to reverse transcriptase, it can be seen that 
there is a rough negative linear trend correlation between the data sets. However, the R2 
value is lower than 0.9, so the linear correlation is not significant. From the bioinformatics 
results, the first hypothesis cannot be accepted, and there is no conclusive relationship 
between evolutionary age and similarity to reverse transcriptase. 
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The second hypothesis proposed in this study is that in vitro reaction conditions and 
modifications may promote or suppress reverse transcriptase activity in a DNA directed-
DNA polymerase. Towards the second hypothesis, two thermostable DNA dependent-DNA 
polymerases, one from Thermus thermophilus and one hybrid polymerase (Thermus 
aquaticus and Thermus thermophilus), were used to investigate the optimal reaction 
conditions required for RT-PCR. Both polymerase genes were cloned, expressed, purified 
and quantified in terms of unit activity and quantity. Furthermore, the reverse transcriptase 
activity for the 3 polymerases was assessed in the presence of various divalent ions at 
various reaction temperature conditions. 
3.02 Cloning and Expression of Thermus thermophi/us DNA 
Polymerase 
Cloning the Thermus thermophilus DNA polymerase 
The DNA-directed DNA polymerase from Thermus thermophilus (Tth-pol) was 
amplified from bacterial strain HB8 genomic DNA, which was purchased from the 
American Type Culture Collection (ATCC Inc.). The size of the amplified Tth-pol gene was 
2505 base pairs (Figure 5). 
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3000 bp 
2500 bp 
Figure 5: Agarose gel electrophoresis photo of the PCR amplification reaction. DNA-
directed DNA polymerase from Thermus thermophilus (Tth-pol) was amplified from 
bacterial strain HB8 genomic DNA. The size of the amplicon is 2505 bp. 
Initially, the amplified fragment was agarose gel-purified and then digested with 
EcoRI and XbaI restriction enzymes. Both of these restriction enzymes cut 5' and 3' to the 
DNA polymerase gene. Subsequently this fragment was ligated into pUC18, which was 
digested with the same restriction enzymes (see Figure 6). 
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Thermus thermophilus HBB genomic DNA 
1 
Amplified with forward 
(S'-CGAATTCCATGGAGGCGATGmCC·3') and reverse 
(S'-GCTCTAGACCTAACCmGGCGGAAA-3') primer set 
Thermus thermophilus DNA polymerase gene 
1 Digested with restriction enzyme EcoRI and Xbal 
Thermus thermophilus DNA polymerase gene with stick ends 
Figure 6: Schematic diagram of the constructed plasmid with a Thermus thermophilus DNA 
polymerase gene (pTth). The size of this plasmid is 5172 base pairs and contains the 
Thermus thermophilus DNA polymerase gene (423 to 2936bp). The backbone vector is 
pUCI8. 
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A small volume (51ll) of the ligation was used to transform into E. coli DH5a 
competent cells, and the transformants were plated on LB plates containing ampicillin. 
Only bacteria containing the plasmid were able to grow on the ampicillin-containing plates. 
Transformants were picked, grown and plasmid DNA was isolated and screened via 
digestion with both EcoRI and XbaI restriction enzymes, followed by gel electrophoresis 
(Figure 7). Correct clones ought to possess 2 fragments: the pUCl8 fragment, and the DNA 
polymerase fragment. Indeed, this is what was observed in Figure 7. 
3000 bp 
2500 bp 
Figure 7: Agarose gel electrophoresis of recombinant plasmids digested with both EcoRI 
and XbaI. The DNA-directed DNA polymerase from Thermus thermophilus genomic DNA 
(2505 bp, the lower band) and the pUC18 vector fragment (2667 bp, the higher band) can 
both be seen. 
In order to confirm that the cloned gene is in the correct sequence, sequencing was 
carried out. The sequencing data (Figure 8) showed a 100% match between the Tth-pol 
fragment on the plasmid and the NCB I databank (BAD70877.1). 
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CTMCCCTTCCCCCAMCCCACTCCTCCCCCATCCCCACCTCCACCTCCACCCCCACCCC 60 
CTMCCC'l'TCCCCCAAACCCACTCCTCCCCCA'ICCCCACCTCCACC'rCCACCCCCACCCC 60 
Soquencinq 
NCDI 
Soquoncing 
CACCCCATACGCCTTCTCCA'I'CCCC'I'CCTTCCCCAAACCCCCCACC'ICCTCCCCCCCCCC 120 NCDI 
CACCCCATACCCCTTCTCCATCCCCTCCT'l'CCCCAMCCCCCCACCTCCTCCCCCCCCCC 120 
TTCCCCCCCC'I'CCACCACCACC':'CC'l'CC'!'CCACC'l'CCACCACCA'l'CCCCCCCCCCA'l'CTC 1 B 0 
TTCCCCCCCCTCCACCACCACCTCCTCCTCCACCTCCACCACCIITCCCCCCCCCCATCTC 1 B 0 
CCCCACCCCCCCCMCACCTTCACCATCCCCACCTTCA TCACCTCCCCCCCCCTCCCCTC 240 
CCCCACCCCCCCCMCACCTTCACCATCCCCACCTTCATCACCTCCCCCCCCCTCCCCTC 240 
CACCCCCATCTTCMCCCCATCCCCTCCCCCCCCTCCCTCACCCTCUCACCCCCCCCTT 300 
Soquoncinq 
NCDl 
Sequenc I ng 
NCDI 
Scqucncinq 
NCDI 
CACCCCCATCTTCMCCCCA'l'CCCCTCCCCCCCC'l'CCCTCACCCTC'rTCACCCCCCCCT'! 300 Scquencinq 
............................................................. NCDl 
CACCTCCCCCACCTACCCCCTTCTTCCCMCACCCTTTCCACCTACCCCCCCTTCCTCCC 360 
CACCTCCCCCACCTACCCCCTTC~':'CCCMCACCCTTTCCACC'!'rlCCCCCCC'!'TCC'lCCC 360 
CTCCTCCACCCTCTTTTCTATCCACCCCCCCACCTTCCCCMCCTTTCCMCTACCCCTC 420 
CTCCTCCACCCTCnTTCTATCCACCCCCCCACCTTCCCCMCCT'l'TCCMCTACCCCTC 420 
Scqucnc inq 
NCDI 
Sequcncinq 
NCDI 
Sequencing 
T,\TAMCCCCACCCCCTCCTCCTACCCCATCCCMCCTCCTCCCIICACCCTATCCCCCCA 4 B 0 NCDI 
TATAMCCCCACCCCCTCC'!CCTACCCCATCCCMCC'ICCTCCCACACCC'!I\'!'CCCCCCA 4BO 
CATCCCCTACACCACCCCCMCT'!CACCC'!'C'l''!CCCCCCCCCCCCCA'!'CACCCCC'ICCAC 540 
CATCCCCTACACCACCCCCMCTTCACCCTCTTCCCCCCCCCCCCCATCACCCCCTCCAC 540 
CCCCTCCCCCCCCACCCCCMCATCCACCTICCCCTCTCGCTCTCCATC1CCTTCCCCTC 600 
CCCCTCCCGCGCGACCCCCMCATCCAGCTTGCCCTCTCGCTCTCGATCICCTTCCCCIC 600 
CTCCMCACCCTGATCACCTTTTCCTCCCCGCACACCTGCCCCACCACCCGGACCTCTAT 660 
CTCCMGACCCTGATCACCTTTTCCTCCCCGGACAGCTCCCCCACGACCCCGACCTCTAT 660 
............................................................ 
CTCCCTATACTCCACCCCCACCMCCCCCMCCCGCCTCCCCCIICCMCCCCCCCCCGAT 720 
CTCCCTATAGTCCACGGCCACCMCCCCCMCCCCCCTCCCCCACCMCGCCCCCCGCAT 720 
... ;. ....... , ... , ... , .......... , .. ,',., .................. ,", .. , ... ;. 
CCTCTCGCCCMCGCGGTGCCCACGCCGIITCTTCTGCACCITGGGGICGGAGCTACTMG 7BO 
CCTCTGGCCCMGGGGGTGCGGACGGGGIITGTTCTGCAGGTTGGGCTCGGAGCTACTMG 7BO 
CCTCCCCGTGGCCGTCGCCCTCTCCTTGMCCGGGTGTCCACCCCCCCCCTCCTCCCCTC B40 
CCTCCCCGTGGCCGTGCCCCTCTCGTTGMCCGGGTCTCCAGCCCCCCCC1CCTCCCGTC B40 
GACGAGGCnGGGAGGGGGTCCACGTAGCTCTTCTTGAGCTTCGTGACCTCCCGCTGCTC 900 
CACCACCCTTGCCACCCCCTCCACCTACGIGTTCTTGAGCTTGCTGAGCTCCCGGTGCTG 900 
•• ir •••••••••••••••••••••••••••••••••••••••••• , •••••••••••••• 
CACCATCTTCTCCACCATCCCGTCCCCCTCCCCTACCCCCTCCIICCACCCCCCCCCTCCT 960 
CACCATCTTCTCCACCATCCCCTCCCCCTCCCCTACCGCCTCCIICCACCGCCGCCCTCCT 960 
CGAGCCCTTCCCTGTCTTTTGCGTC1TCCCCAAGGCCGGMGCCTMGCTCCTCAMGAG 1020 
CCAGCCCTTGCCTGTC7TTTGCGTCTTCCCCMGCCCGGMGCCTMGCTCGTCAMGAG 1020 
CACCCTTTCCACCTCGTCCCCCCACTTGIIGGITGAAGGGGTGGCCCGCCMGCGGMCAC lOBO 
CACCCTTTCCACCTCCTCCCCCGACTTGACGTTGAAGGGCTGGCCCGCCAAGCGGMCAC lOBO 
CTCCTCCTCCACGCCCCCCATCTCCTCCCCMCCTCCACCCMACCCCCTCMGCTACCC 1140 
CTCCTCCTCCACCCCGCCCATCTCCTCCCCMCCTCCACCCMACCCCCTCMGCTACCC 1140 
Scqucncinq 
NCDI 
Sequencing 
NCDl 
sequencing 
NCDI 
Sequencing 
UCDI 
Sequencing 
l~CDI 
Sequencing 
NCDI 
Sequencing 
NCBl 
Sequencing 
NCDX 
Sequencing 
!~CDI 
Sequencing 
NCDl 
Sequencing 
NCDl 
Sequcncing 
NCO I 
Scquencl.ng 
NCB I 
Sequencing 
NCB I 
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C1\.CC'l'CCACCCC'IACCCCCCTCCCC'l'CCA'l'C'l'CCCCCACCACCCCCCACACCCCC'l''l''l'TC 1200 
CACC'l'CCACCCCT ACCCCCC'l'CCCC'l'CCATCTCCCCCACCACCCCCCACACCCCC'l''l''l''l'C 1200 
CACCTCC'ICC'l'ACACCCl\AACCACCT':'CTCCTCCCCCTCCACCCC:CT'lMCCACC'l''l'cce 1260 
CACC'rCC'l'CCTACACCCAMCCACC'l'TCTCCTCCCCCTCCACCCCCT'l'MCCACCTTeec: 1260 
ATCCACCCTCTCCCACACCACCCCCCCCTCCCCCCCC'l'CCTCCCTCCACTCCCCCCCCTA 1320 
A'l'CCACCCTC"rCCCACACCACCCCC:CCCTCCCCCCCCTCCTCCCTCCAC'l'CC:CCCCCCTA 1320 
CCCCCCCCCCACCCCCTCC:;GGGCTCC';CTTCCACCC:CTCCACCACCTACCCCACOAteAT 1 lao 
CCCCCCCCCCACCCCCTCCCCCCTCCTCTTCCACCCCTCCACCACCTACCCCACCACCA'l' 1300 
CCCC'l'CC'l'CCCCCCCCACCACCTC'IACCCCCl'CCCTCCACCCCMCACCCCCACC'I'CCTT 1440 
CCCCTCCTCCCCCCCCACCACCTCTACCCCCl'CCCTCCACCCCMCACCCCCACC'1CCTT 1440 
CCCCACCACCCCCCCCACCTCCTTCACCTCCl'T'l'ACCCCCCCCMCGC:CTCTGCTCCCCG 1500 
CCCCACCACCCCCCCCACCTCCTTCACCTCCl'TT ACCCCCCCCMCCGCTCTCCTCCCCC 1500 
CTCCACCCCCCCCTCCC':'CCACCCCCCCACCCCT'l'TAACC'l'CCCCCCACA'l'CCCC'rCCGC 1560 
CTCCACCCCCCCC'l'CCCTCCACCCCCCCACCCCT'l'TAACCTCCCCCCACATceec'rceGe 1560 
CCCCCACACCACCAACCCCACCAACCCCCCTTCCCCCCGCCCCCACCCGCCCTCCTCCAC 1620 
CCCCCACACCACCAACCCCACCJ\ACCCCCCTTCCCCCCCCCCCCACCCCCCCTCCTCCAC 1620 
CCCCCCCCCCCCC'l'CCACCACCCCCMCTCCTCCACCACCCTCCCCAI\.CTCCACCCTC'rC 1680 
CCCCCCCCCCCCC'l'CCACCACCCCCMCTCCTCCACCACCCTCCCCAACTCCACCCTCTC 1600 
CACCJ\ACCCCCTMCCCCCTCCCCC'l'CCCCCTCCCCCCCCTCCCCCACCTCCACCTCCAG 1740 
CACCAACCCCCTMCCCCCTCCCCCTCCCCCTCCCCCCCCTCCCCCACCTCCl\CCTCCAC 1740 
CCCCACCTCCC':'CCCCACCCCCCACACC':'CCMCCACACCCTCACCTCTTCCACCTGCce 1 BOO 
GCCCACCTCCC'l'GCCCACCCCCCACACCTCCMCCACAGCCTCACCTCTTCCACCTCGce 1 BOO 
CTTCA'l'C'l'TC'I'CCCCCACC'l'l'T'I'C'l'CCC'l''rT ACCCCCTCCACC'rTCTTCACCACCTTTTC 1 B 6 0 
CTTCA'l'CT':'C'l'CCCCCACG'l'lT'rC'l'GCCT'I'TACCCGC'lCCACC'I'TC'l'TCACCACC'l'TTTC 1 B 6 0 
CACCCTTCCCCACTCCTTCACCACCTTCACCCCCCTCTTCTCCCCCATCCCCTTCACCCC 1 9 2 0 
CACC:;CTTCCCCACTCC'lTCACCACCTTCACCCCCC'ICTTCTCCCCCA'l'CCCCT'l'CACCCC 1920 
CCCCACCTTCTCCCACCCCTCCCCCACCACCCCCCCCMCTCCACCCACTCCTCCCCCCT 1 9 B 0 
CCCCACCTTC'I'CCCACCCCTCCCCCACCACCCCCCCCMCTCCACCCACTCCTCCCCCCT 1 9 B 0 
CACCCCCTACTTCTCCCAAACCCACTCCCCCCTCATCACCTCCCCC'l'CCCCCTCCACCAC 2040 
CACCCCCT ACTTCTCCCJ\l\l\CCCACTCCCCCCTCA'l'CACCTCCCCCTCCCCCTCCACCAC 2040 
CCCCACCCCC'I'CCCACAC::CACTTCCTACACCTCCCCCTCCCCCCTCACCA'1CCCCACCTC 2 100 
CCCCACCCGCTCCGACACCACTTCCTACACCTCCCCCTCCCCCCTCACCATCCCCACCTC 2 100 
CTACCCCTCCTTTTCCGCCT'l'CTTCCCCACCCTCCCCACAACCTCCTCCCCC'l'CCTAGCC 2 160 
CTACCCCTCCT':'T'lCCCCCTTCT'ICCCCACCCTCCCCACAACCTCCTCCCCCTCCTAcce 2160 
CCCCACCTCCACCCCCCTAAACCCCACCACCTCCACCACCTCCTTCATCACCCCCAceTC 22:2 0 
CCCCACCTCCACCCCCCTI\AJ\CCCCACCACCTCCACCACCTCCT7CATCACCCCCACCTC 2220 
C::CCCCCCMCTCCTCCCCCC':'CCCCCCCCTCCCCCCCTTCTACCCCTCCTACCCC'rCCTC 22 B 0 
CCCCCCCAACTCCTCCCCCC'l'CCCCCCCC'TCCCCCCCTTCTACCCCTCCTACCCCTCCTC 22 B 0 
CCCCMCCACCCCCCCTTCCCCTCAMCACCACCAACACCCCCT'lCTACCCCTCCTCCTT 2 J 4 0 
CCCCMCCACCCCCCCTTCCCCTCAAACACCACCMCl\CCCCCTTCTI\CCCC'l'CCTCCTT 2 J 4 0 
CACCCCCTTGACGACCC'l'CTTGCCGAACCCCTACACCGCCTCCACCCCTTCCCCCCceCT 2400 
CACCGCCTTGACGAGCCTCTTCCCCMCCCCTACACCCCCTCCACCCCTTCCCCCCCCCT 2400 
CCTCGTCACGCCCTTCACCCCCMCAACCTCCCCTACCCCACCTCCTGCCCCTCCACCAC 2460 
CCTCCTCACCCCCTTCAGGCCGMCMGCTGCCGTACGCCAGGTGCTCCCCCTCCACCAC 2460 
GACCACCCCCCCTTTCCCTTCAMCACCGCMCCATCCCCTCCAT 2505 
CACCACCCGCCCTT'I'CGCTTCAAACAGCCCAACCATCCCCTCCAT 2505 
Figure 8: The sequencing results for the newly constructed Thermus thermophilus DNA 
polymerase in the pUC18 vector aligned with the sequence from the NCB I databank 
(BAD70877.1). The two sequences are 100% matched. 
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Thermus thermophilus DNA polymerase protein expression 
The Thermus thermophilus DNA polymerase gene that was cloned into pUC18 was 
expressed and then purified by heat denaturation followed by ammonium sulphate 
precipitation, and subsequent ion exchange chromatography. Ion exchange resulted in a 
total of 11 fractions which were assayed for polymerase activity. Fraction #1 was collected 
at time zero, and each fraction had a volume of 500J..lL. The results, presented in Figure 9, 
show the total protein concentration as determined by Bradford assay, for the 11 ion 
exchange fractions. Fractions #2, #3 and #4 had the highest concentration (Figure 9). 
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Figure 9: Thermus thermophilus DNA polymerase protein concentrations in J..lg/J..lL , from 11 
fractions using the Bradford assay. 
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The purity of the purified proteins (11 fractions) was also evaluated using SDS-
PAGE gels. The molecular weight of~90kDa was observed and consistent with the expected 
value. The theoretical molecular mass of Tth-pol is about 94kDa (Figure 10). From the 
SDS-PAGE results, fractions #2, #3 and #4 showed the most intense bands, suggesting that 
those fractions contained the highest concentration of polymerase. In addition, the SDS-
PAGE data indicate that the Tth-pol is pure. 
MW, 
116. 
66.2 
45.0 
35.0 
25.0 
Figure 10: A 12% SDS-PAGE gel showing the purity and molecular weight of proteins 
found in 11 fractions of ion exchange Thermus thermophilus DNA polymerase. Ten 
microliters of each fraction was loaded per lane, and subsequent to running the gel for an 
hour at 100 volts, the gel was stained with Coomassie brilliant blue R-250. Gel on the left: 
Lane M, Fermentas Unstained Protein Marker; Lanes FI-F6, fraction #1 to fraction #6. Gel 
on the right: Lane M, Fermentas Unstained Protein Marker; Lanes F7-Fll, fraction #7 to 
#11. Numbers on the left side of gel correspond to the size in kDa of the Fermentas 
molecular weight marker bands. 
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Next, the DNA-directed DNA polymerase activity of the expressed Tth-pol was 
assayed using PCR. Figure 11 shows the amplicon produced by using 0.51lL of each 
fraction as the DNA-polymerase for the PCR. Fraction #3 and #4 showed the highest 
activity as DNA-directed DNA polymerases in peR. 
1000 
700 
M F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 (-) (+) 
Figure 11: A 1.5% agarose gel of PCR products generated by each of the 11 fractions. The 
amplicon was generated using ion exchange Thermus thermophilus DNA polymerase 
fractions as the DNA polymerase. Lane M, Norgen's MidRanger DNA ladder (Cat# 
11700); Lane FI-Fll, fraction #1 to #11; Lane (-), negative control (reaction without any 
polymerase); Lane (+), positive control (reaction using 0.51lL Norgen Biotek Corp. Taq 
polymerase). 
Results from the Bradford assay, SDS-PAGE, and PCR suggest that fraction #3 and 
#4 had the highest concentration and best DNA-directed DNA polymerase activity. 
Therefore, fraction #3 and #4 combined were mixed with polymerase storage buffer, and the 
resultant mixture was called M-l, which was used in subsequent studies. 
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Thermus thermophilus DNA polymerase protein activity test 
The activity units ofM-l were determined by PCR, against a polymerase with 
known activity (Figure 12). Commercial Taq polymerase (Norgen Biotek Corp.), 5 
units/ilL, was used in a PCR employing various volumes of enzyme mix (ranging from 
0.021lL to 2IlL). The PCR products were subsequently run on a 1.5% agarose gel and the 
Area Under the Curve (AUC) of amplified bands was generated using the AlphaEaseFC™ 
computer program (AlphaImager®, Alpha Innotech). The AUC corresponded to the pixel 
density of each band. A standard curve was then constructed, where band intensity 
(measured in AUC) was correlated to units of enzyme activity. In the same PCR setup, M-l 
polymerase mix (activity units unknown) was used with the same various volumes (ranging 
from 0.021lL to 2IlL). Using the standard curve and the AUC of the amplicons generated by 
M-l, the enzyme activity ofM-l was found to be 1 unit/ilL. 
M-l polymerase 
Unknown units 
M 2 1.8 1.6 1.4 1.2 1 0.8 0.6 0.4 0.2 0.1 0.08 0.06 0.04 0.02 (uL) 
Figure 12: A 1.5% agarose gel ofPCRproducts generated by various volumes of the M-l 
pool. The top row shows the PCR results from using various volumes (0.02IlL to 21lL) of 5 
unitS/ilL Norgen Biotek Corp. Taq polymerase. The middle row shows the PCR results 
from using M-l with the same volumes, from 0.021lL to 21lL. Lane M, Norgen's 
MidRanger DNA ladder (Cat# 11700); Lane (-), the negative control (no polymerase). 
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3.03 Thermus thermopllUus DNA Polymerase Reverse 
Transcriptase Activity with Varying Reaction Conditions 
Thermus thermophilus DNA polymerase basic reverse transcriptase activity 
The reverse transcriptase activity of Tth-pol was tested at 37°C, 50°C and 70°C, as 
shown in Figure 13. Reverse transcription, followed by amplification, was carried out on 
total RNA isolated from HeLa cells using the S15 reverse primer. The synthesis of cDNA, 
and subsequent amplification ofthis DNA by PCR, is employed as a procedure to test 
reverse transcriptase activity. The PCR products were run on a 1.2% agarose gel. The 
intensity of the amplicon band was correlated with reverse transcriptase activity. Figure 13 
shows as positive control, superscript III and Finnzyme reverse transcriptases in the same 
reaction. At 37°C, 50°C and 70°C, Tth-pol did not show any reverse transcriptase activity. 
400 
300 
Superscript III Finnzyme 
I 1 , \ , \ 
M 0.1 ul 0.5ul 0.1 ul 0.5ul 
Tth-pql as RT 
Figure 13: A 1.5% agarose gel of reverse transcriptase activity of Tth-pol at 70°C, 50°C 
and 37°C. Lane M, Norgen PCR Ranger 100 bp DNA Ladder (Cat# 11300); Lanes 1-4, 
positive controls using Superscript III and Finnzyme (O.1~L and 0.5~L); Lanes 5-9, Tth-pol 
(M -1) used as a reverse transcriptase at three different temperatures; Lane (-), the negative 
control whose reverse transcriptase step was carried out in the absence of any polymerase. 
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Thermus thermophilus DNA polymerase reverse transcriptase activity with 
varying reaction conditions at 70 0 e 
One of the primary aims of this study was to test the hypothesis that by varying the 
reaction conditions, it is possible to enhance or suppress the RT activity of Tth-pol. In order 
to test this hypothesis, various reaction conditions were tested. Initially, reverse 
transcription steps was done using Tth-pol followed by a PCR step using a commercial 
master mix. Different divalent ions were tested at various concentrations (see Table 2) 
during the reverse transcription step in order to find the optimal conditions for RNA-directed 
DNA polymerase activity with Tth-pol. Table 2 is a test matrix that shows the various 
combinations of divalent ions and their combinations used in the reverse transcription tests. 
Since Mg2+ is commonly used, it was constantly added in each test. The other 6 divalent 
ions tested were MnH, Ca2+, ZnH, Cu2+, NiH and CoH which were individually combined 
with Mg2+. There were a total of sixteen different combinations that were tested on Tth-pol. 
Combination # 1 was OmM MgH and OmM divalent ions, meaning no divalent ions added to 
the reverse transcription step at all. Since native reverse transcriptase activity was already 
examined in Figure 13, combination #1 was not tested in subsequent experiments. 
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Table 2: Test matrix for various ion combinations and their concentrations during the RT 
step. 
[Mg2+] 
[Final] OmM 2mM 5mM 10mM 
[Mn2+] or 
OmM - #5 #9 #13 [ea2+] or 
[Zn2+] or 2mM #2 #6 #10 #14 
[Cu2+] or 
#7 [Ni2+] or 5mM #3 #11 #15 
[Co2+] 10mM #4 #8 #12 #16 
Figure 14 shows the effects of divalent ions on the reverse transcriptase activity of 
Tth-pol at 70°C during the reverse transcription step. In Figure 14(B), Tth-pol shows 
reverse transcriptase activity in the presence of Mn2+. Combinations #2, #3 and #4, were 
absent of Mg2+, and still showed evidence of reverse transcriptase activity, meaning Mg2+ is 
not a necessary divalent ion for reverse transcriptase activity in Tth-pol. An absence of 
reverse transcriptase activity in combinations #12 to #16 (Table 2) may have been the result 
of too high a concentration of divalent ions. Figure l4(C) shows that Ni2+ is another 
divalent ion that can increase reverse transcriptase activity in Tth-pol. In Figure 14(C) we 
also see that combinations #5 and #9 (Table 2), like in 14(B), did not show any reverse 
transcriptase activity. This indicates that Mg2+ was not necessary for reverse transcriptase 
activity at 70°C. In the presence of a high concentration (5mM or 10mM) of Mn2+ or Ne+ 
divalent ions, reverse transcriptase activity for Tth-pol was lost. The test matrix (15 
combinations with Mg2+), employing divalent ions: Ca2+, Zn2+, Cu2+ and C02+ did not show 
any improvement in reverse transcriptase activity for Tth-pol. Subsequent PCR reactions 
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failed to show any amplification with any of the 15 combinations using those four divalent 
ions (Figure 15). 
SOD bp 
300 bp 
(B) 
soo bp 
300 bp 
(C) 
sao bp 
300 bp 
Primer dimer 
M #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12 #13 #14 #15 #16 
M #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12 #13 #14 #15 #16 
-- -- -~ - :--- - - ~ . . ~ ,.- . -~ .~-
. . 
=-
. ~. .' 
= ... -... - ... ~ ~- .. ---- ._ ...... j .... - ._ .... _.. ,~ 
Figure 14: The effect of divalent ions (Mn2+ and Ni2+) on the reverse transcriptase activity of 
Tth-pol, with the reaction temperature of 70°C. (A) Controls: Lane (+), positive control 
(SuperScript III Reverse Transcriptase); Lane 1, negative control (no template RNA during 
reverse transcription); Lane 2, negative control (no reverse transcriptase); Lane 3, negative 
control (no template cDNA in PCR); Lane 4, negative control (RNA as template directly 
added into PCR, i.e. no reverse transcription step). (B) Mn2+, combined with Mg2+ at 
varying amounts, used during the reverse transcription step. Lane M, Norgen's FastRunner 
DNA Ladder (Cat# 12800); Lanes 2-16 correspond with Combinations #2-16 from Table 2. 
(C) Ni2+, combined with Mg2+ in varying amounts, used in the reverse transcription step. 
Lane M, Norgen's FastRunner DNA Ladder (Cat# 12800); Lanes 2-16 correspond with 
Combinations #2-16 from Table 2. 
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M #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12 #13 #14 #15 #16 
Cu2+ 
t,~ ~~~".'-"~'.: ~'" 1- .. . 
C02+ = . . ~ 
I 
1 
Figure IS: Testing the reverse transcriptase activity of Tth-pol with divalent ions Ca2+, Zn2+, 
Cu2+ and C02+ at 70°e. Lane M, Norgen's FastRunner DNA Ladder (Cat# 12800); Lanes 2-
16 correspond with the Combinations #2-16 from Table 2. 
Thermus thermophilus DNA polymerase reverse transcriptase activity with 
varying reaction conditions at 50°C 
Figure 16 shows the amplicons generated across the various divalent ion mixes with 
Tth-pol when reverse transcription took place at SO°e. The same combinations were used as 
seen in Table 2. At a reverse transcription temperature of SO°C, only 2mM Mn2+ or 2mM 
Mg2+ could stimulate reverse transcriptase activity [Figure 16(B)]. Figure 16(C) shows that 
Ni2+ was also able to increase the reverse transcriptase activity when there was between 2 
nM to S nM Ni2+. When Figure IS(C) was compared to 16(C), while using Tth-pol as a 
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reverse transcriptase at 50DC, the subsequent amplification results were less specific. When 
using the same divalent ion test matrix (Table 2) at 50DC, Ca2+, Zn2+, Cu2+ and C02+ failed to 
stimulate any reverse transcriptase activity (Figure 17). 
(A) 
un, I ... 
(B) 
soo bp 
300bp 
(C) 
sao bp 
300 bp 
Marker (+) 1 2 3 4 
Primer dimer 
M #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12 #13 #14 #15 #16 
M #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12 #13 #14 #15 #16 
Figure 16: The effect of divalent ions (Mn2+ and NiH) on the reverse transcriptase activity of 
Tth-pol at the reaction temperature of 50°C. (A) Controls: Lane (+), positive control 
(SuperScript III Reverse Transcriptase); Lane 1, negative control (no template RNA during 
the reverse transcription step); Lane 2, negative control (no reverse transcriptase added); 
Lane 3, negative control (no template cDNA in PCR); Lane 4, negative control (RNA as 
template directly added into the PCR reaction, i.e. no reverse transcription step). (B) Mn2+, 
combined with Mg2+ at varying amounts, used during the reverse transcription step. Lane 
M, Norgen's FastRunner DNA Ladder (Cat# 12800); Lanes 2-16 correspond with 
combinations #2-16 from Table 2. (C) Ne+, combined with Mg2+ in varying amounts, used 
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in the reverse transcription step. Lane M, Norgen FastRunner DNA Ladder (Cat# 12800); 
Lanes 2-16 correspond with the combinations #2-16 from Table 2. 
M #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12 #13 #14 #15 #16 
Cu2+ 
Figure 17: Testing the reverse transcriptase activity of Tth-pol with divalent ions Ca2+, Zn2+, 
Cu2+ and Co2+ at 50 DC. Lane M, Norgen FastRunner DNA Ladder (Cat# 12800); Lanes 2-
16 correspond with the combinations #2-16 from Table 2. 
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The same experiment was repeated at 37DC, and it showed that none of the six 
divalent ions, in any concentration or combination with any various concentration of Mg2+, 
were able to induce reverse transcriptase activity in Tth-pol (Figure 18), 
M #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12 #13 #14 #15 #16 
C02+ 
Figure 18: The use of Tth-pol as the reverse transcriptase in an RT -PCR reaction with 6 
d' I'M 2+ N'2+ C 2+ Z 2+ C 2+ d C 2+, b" , h M 2+ 37 DC Iva ent IOns: n, 1 , a , n , u an 0, or m com matIon WIt g, at , 
Lane M, Norgen FastRunner DNA Ladder (Cat# 12800); Lanes 2-16 correspond with 
combinations #2-16 from Table 2, 
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3.04 Engineering and Expression of Hybrid Thermus aquaticus and 
Thermus thermophi/us DNA Polymerases. 
Previous study revealed that in Thermus DNA polymerase I, the palm region consists 
of amino acids 300 to 500, and the thumb region includes amino acids 500 to 650 (Ma, 
2000). Also, Ma's research concluded the C-terminal half of the polymerase domain (amino 
acids 593 to 830) of Thermus thermophilus DNA polymerase I is response for the high 
RNA-dependent DNA polymerase activity (Ma, 2000). A hybrid DNA polymerase 
(Thermus aquaticus, amino acids 1-593 with Thermus thermophilus, amino acids 593-830) 
showed higher RNA-dependent 5' nuclease activity (Ma, 2000). 
The same hybrid DNA polymerase made up of Thermus aquaticus and Thermus 
thermophilus domains was engineered to investigate the relationship between a specific 
domain and reverse transcription activity with various divalent ions and reaction 
temperature. The purified hybrid polymerase was characterized in terms of reverse 
transcription activity in the presence of various reaction conditions. 
Cloning Hybrid DNA polymerase. 
A hybrid of Thermus aquatic us and Thermus thermophilus DNA polymerases (Taq-
Tth-pol) were generated to further investigate reverse transcriptase activity in a normally 
DNA-directed DNA polymerase. Figure 19 outlines a schematic diagram for the 
construction of the hybrid polymerase gene. 
63 
Lei Zhang DNA-Directed DNA Polymerases 
Evolve From Reverse Transcriptase 
Digested with restriction enzymes 1 
Xbal & BamHI 
___ 111 111 
+ 
1 
pT .. 
5172bt1o 
Hltl;Jil j J9:l 
Xbilll(oiII'n) 
1 
Amplified with forward 
(S'-TGCCAAGClTGCATGCCTGC-3') and reverse 
(S'-CTCTTTGACGAGClTAGGCT-3') primer set 
Digested w ith restriction enzymes Xbai & BamHI 
'(,. u n::lB IHO) 
.. 
6 1111'111 " .. HI ) 
Figure 19: Schematic diagram for the construction of the plasmid with the hybrid DNA 
polymerase gene (pTaq-Tth). The size of this plasmid is 5160 base pairs and contains 
partial Thermus thermophilus DNA polymerases (423 to 1146bp) and partial Thermus 
aquaticus DNA polymerases (1146 to 2924bp). 
The size of the hybrid Taq-Tth-pol gene was 2501 base pairs. The portion from 
position 423 to 1146bp in Figure 19 depicts the fragment derived from Thermus 
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thermophilus polymerase; while the portion from 1146 to 2930bp, represents the fragment 
obtained from Thermus aquaticus. Briefly, the portion obtained from the Tth-pol gene was 
amplified from the previous construct named plasmid Tth (pTth) (Figure 20). This 724bp 
amplicon was then ligated into the plasmid Taq (pTaq), as supplied by Norgen Biotek, that 
had been previously digested with the restriction enzymes Xba! and HindIl! to produce 
sticky ends for ligation. 
1000 bp 
700 bp 
Figure 20: An agarose gel showing the amplified region of the partial Thermus thermophilus 
DNA polymerase. The expected and observed fragment is 724bp (from 1146 to 2930bp). 
The newly constructed hybrid plasmid was transformed into E. coli DH5a 
competent cells. Since only the bacteria harboring the plasmid would have been able to 
survive on the ampicillin-containing plates, the colonies that grew must have been 
transformants. One of the transformants was then selected and screened by restriction 
enzyme digestion HindIl! followed by gel electrophoresis to visualize the digestion (Figure 
21). After seeing the appropriate banding pattern, the plasmid was sent for sequencing in 
order to confirm the correct nucleotide sequences. The sequencing results showed a 100% 
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match between the Taq-pol and Tth-pol fragments on the plasmid to the NCBI databank 
sequences for those genes (Figure 22). 
3500 bp 
1500 bp 
500 bp 
Figure 21: An agarose gel electrophoresis of the recombinant plasmid digested with HindIIl 
Two transformants were selected and digested with HindII! restriction enzymes. The 
expected number and sizes of the digested products are 431 bp, 1478 bp, and 3251 bp. 
66 
ScquencL"lg 
nCBl 
ScquencL"lg 
nC31 
sequencing 
nCBl 
Sequencing 
nCBl 
scquencL"lg 
nCBl 
Sequencing 
ucaI 
Sequencing 
nCBI 
Sequencing 
nCBl 
SequencL"lg 
nCBl 
sequencing 
ucal 
Sequencing 
Ncal 
sequencing 
NCBI 
Sequencing 
Ncal 
sequencing 
nCSI 
Sequencing 
NCSl 
sequencing 
fical 
sequencing 
NCBI 
sequencing 
NCSl 
Sequencing 
NCBI 
Sequencing 
fical 
Sequencing 
NCBI 
Lei Zhang DNA-Directed DNA Polymerases 
Evolve From Reverse Transcriptase 
l'C'I'AGACCTAACCCTTGGCGGAAAGCCAGl'CCTCCCCCAl'CCCCACC'I'CCACCT'CCAGGG 60 
TC'l'AGACCTMCCC'ZTGGCGGAAAGCCAGTCCTCCCCCA'l'CCCCACC'l'CCACCTCCAGGC 60 
GCACGGCGAGGGGATAGGCC1'TCTCCATGGCCl'CCTTGGCCAAAGCCGCCACCl'CCl'CGC 120 
GCACGGCGAGGGGATAGGCCTTC'l'CCATGGCCTCCTTGGCCAMGCCCCCACCTCCTCGG 120 
CCCGCGCTTGGGGGGCCTCCACGAGG/,GCI'CG'l'CGTGGACC'l"GGAGGAGCATGCGGGCCC 1 B 0 
CCCGCGC?TGGGGGGCCTCCAGGAGGAGCI'CGTCGTGCACCTGGAGGAGCA"!'GCGGGCCC 1 B 0 
CCAT'CTCCCGGAGGCGGGGGAAGAGCTI'CACCATGGCGAGCTTCAT'GACG7CGGCGGCGG 240 
CCAT'CTCCCGGAGGCGGGGGMGAGCT'I'CACCATCGCGAGCTTCATGAGG7CGGCGGCGG 240 
TGCCCTGGACGCGCATG'I'TGMGGCCATGCGCTCCGCGGCCTCCC1"GACGC':"CTI'CACCC 300 
TGCCCTGGACGGGCATGl"l'GMGGCCATGCGCTCCGCGGCCTCCCTGACGC'l"CTTCACCC 300 
GGGCGT'I'CiAGGTCGGGCACGTAGCGCC'I":'CTTCCGAAGAGGG'IT'I'CCACGTAGCCCCGCT 360 
GGGCG'ITGAGGTCGGGCACGTAGCGCC'I"TCTTCCGAAGAGCiGTT'I'CCACGTAGCCCCGCT 360 
TCCTCCCCTCC'TCCAGGC'TC'l"TT'I'CTATCCAGGCCCGCACC'l'TGGGGMGC'!"I"TGGAAGT 420 
TCCTCCCCTCCTCCAGGGTCT':"'i"TCTATCCAGGCCCGCACC'l'TGGGGAAGC"l'TTGGAAGT 420 
AGCGC'TC'rATAAAGGCCACCGCCTCC'TCGTAGGGGA'l"GGCAAGCTCCTGGGAG1\GCC':'AT 4 BO 
Scquc:'lcing 
NCBI 
sequencing 
liCDI 
Sequcncing 
UCD! 
Sequc:1cing 
NCBI 
scqucncL"lg 
NCBI 
SequcncLolg 
UCB! 
scqucncL"'Ig 
HCDI 
AGCGCTCTATAAAGGCCACCCCCTCCTCGTAGGGGA'l"GGCAAGC'l'CC'l"GGGAGAGCCTAT 4 B 0 Sequcncing 
................. .............................................................. fiCBl 
GGGCGGACA'l"GCCGTAGAGGACGCCGAAG'ITCACCCTC'l'TGGCCGCCCGGCGCAl"CAGCG 540 
GGGCGGACA'I'CCCGTAGAGGACGCCGAAGT'I'CACCGTC'I'TGGCCGCCCGGCGCAl"CAGGG 540 scqucncing 
.............................................................. nCB! 
GGTCCACGGCCTCCGGGCiGCiACGCCGAACATCCAGC'lTGCGGTCTGGG'I'G'!'GGA'l"GTCCT 600 
GGTCC/£GGCCTCCGGGGGGACGCCGAACATCCAGC7I"GCGGTCTGGGTG':'GGATG'I'CCT 600 scquc!'lcing 
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• NCBl 
'I'CCCCTCCTGGAAGACCC'Z"'GATCAGG'l":"l"l'CGTCCCCGCiAGJ\GG1."'GGGCGAGGACCCGGA 660 
TCCCC'OCCTGGAAGACCCT'GATCAGG'l'TT'I'CGTCCCCGGAGAGGTGGGCGACGACGCGGA 660 SequcncL"lg 
............................................................. trCBI 
GCTCTATCTGGCTATAGTCCAGGGCCACCMCGCCCAACCCGCCTCGGCCACGAAGGCCC 720 
GCTCTATCTGGC':ATAGTCCAGGGCCACCMCGCCCMCCCGCCTCGGCCACGAAGGCCC 720 
GGCGGATCCTC'I'GCCCMGCGGGG'l"GCGGACGGGGATG'ITC"!'GGAGG'I7GGGATCGGlt.GC 760 
GGCGGlt.TCC'l"CTGCCCAAGCGGGGTGCGGACGGGGATG'ITCTGGAGGT'!'GGGATCGGAGC 780 
TACT'l'ACCC'I'CCCCG'I'CGCCG'I"GGCCG'l'C'I'CGl"T'GAAGCGGG'!'GTGGAGGCGGCCCG'1'CC 840 
TAC'l'"I'AGCCroCCCG'I'GGCCGTGGCCGTC'I'CG'I"TGMGCGGG'l'GTGGAGGCGGCCCGTCC B40 
'I'CGGGTGGA'I'GAGGTCCGGCMGGGGTCAATGTAGG1."'GCTC"ITCAGCTTCGTCACCTCCC 900 
TGGGGTGGA'l"GAGGTCCGGCAAGGGGTCAATGTAGG'I.'GCTCT'Z'CAGC'I7GGTGAGCT'CCC 900 
GGTACTGc:AGGA'ZCTTCTCCJ\CGATGGGGl'GCGCCTCGCGGAGGGCCTCCAGGACGGCGG 960 
GGTACTGCAGGATCT'I'CTCCACGATGGGGTGGGCCTCGCGGAGGGCCTCCAGGACGCCGG 960 
Scquencing 
nCBI 
scquC!'lcL'Iog 
nC31 
Seque!'lcing 
nC31 
Scque:1cing 
nCBI 
scque:1cing 
NCBI 
CGC'l"GGTGGAGCGC'l'TGCCGGTC'I"l'CTCCGTC'l'TGCCGA'l"GGCGGGAAGCCCTAGC'l"CGT 1020 Sequc:1cing 
CGCTGGTGGAGCGC'l'TGCCGG1"'C1"1"CTCGTC'I"l"GCCGA'l"GGCGGGAAGCCCTAGCTCGT 1 0 20 nCB! 
CAAAGAGGACCCT'I"l'CCAGCTGGTCCCGGGAGTTGAGG1"I'GAAGGGGTGGCCGGCCAGGC lOBO sequenci:lg 
CAAAGAGGACCC'Z'TTCCAGCTGGTCCCGGGAG'I"I"GAGGT'l'GMGGGGTGGCCGGCCAGGC lOBO nCBI 
CGAAGACCTCGGCCTCGAGGCGGGCGATCTCCTCGGCCACCTCCAGGGACMGGCCCTGA l1.0 Sequencing 
GGMGACCT'CGGCCTCGAGGCGGCCGATCTCCTCGGCCACCTCCAGGGACMGGCCC'l'GA 1140 nC3I 
GATAGGCCACGTCCAGGCGCACCCCCGTGGCCTCCATGTGGGCCAGGACAGCGGJ\MGGG 1200 sOQueoei!lq 
GATAGGCCACGTCCAGGCGCACCCCCG?GGCCTCCATG1"GGGCCAGGACAGCGGAAAGGG 1200 NCB1 
GCCTCTCCACCTCCCGGTAMGCCAMGGAGCCTCn:CTCCCCCTCMGCCTCCCCCACA 1260 
CCCTC7CCACCTCCCGGTAMGCCAAAGGAGCCTCTCCT'CCCCCTCAAGCCT'CCCCCACA l260 
seque!'lcing 
NC3I 
GCT'l"GGCGAAGAGCCTC'XGGAAAGGGCGCCCCCC'!'CCCCCCCCTCCTCCCTCCACTCCC 1320 
GG1"'i"CGCGAAGAGC~GCAMCGGCGGCCCGCTCCCCCCCC'l'CCTCCGTCCACTCCC 1320 
CGCCG:'AGCGCCGGGCCACCCCCTCGGGGGTGG1'G!'TGGAAGGGTCCAGGAGG:'AGGCGA 13BO 
CGCCG':'AGCGCCGGGCCACCCCCTCGGGGGl"GGTG'l'TGGMGGGTCCAGGAGG'l'ACiGCGA 1380 
GGAGCA'l"CGGGTCGTCGCCGGCiCGGCAGCCCMGGCCT'I'CCc:'CAGGGCCAGMCGCTCA 1440 
GGACiCATGGGG7CG:'CGCCGGGCGGGAGCCCAAGGCC'ITCCC':'CAGGGCCAGMCGC1'C.A 1440 
CGl"CTI"Z'GGCCAGAAGCCCCCGCCCCTCC'!'TCAGGTCCC"l'GAGGCC'ITTATMGGCTCGG 1500 
G~CGAGAACCCCCCGCGCC'l"CcrTCAGGTCCCTGAGGGCT'l'TATAAGGCTCGG 1500 
GGGCCCGGTGGACCCCGCCCCCCC':'CCCGGCCGCCAGGGCCAGl\l\GATCGGCCCACATGG 1560 
CGGCCCGC'1'GGACCCGGCCCCCCC'Z'GGCGGCGCCCAGGGCCAGAAGATCGGCCCACATGCi 1560 
CC!CC":":"CCCCGAMGCACMACCCCACGMGCCCCC"I"TCCGGCGGGCCCCAGGCGCCcr 1620 
GCTCC';"l'CCGGGAMGCACAAAGCCCACGAAGGCCCCT'I'CCGGCGGGGGCCAr:iGGGGCCT 1620 
CC'l'CCAGGGCCTTGGGGC'l"TTCCAGAAGGCCGAACTCGTGGAGGAGGCTGCCAMCTCM 1680 
CCTCCAGGGCC!TGGGGC7TTCCAGAACiCCCGMCTCG'I'GGAGGAGGCTGCCAA1\C'i'CM 1680 
GCCTC:'CCAGAAAGGCCt:"MGCCTCTCCCGGTCGGGCTCCCGCC'I"l"'I"I'GGCGAACiTCCA 1740 
GCC'I'C7CCAGAMGGCCt:"MGCC'!'CTCCCCCTCGGCCTCCCGCC'I"l"'I"I'GC:CGMGTCCA 1740 
ccrcCAGGCGCAGGTCGG:"GCGCACC'I":'GGCCAGGTCCCAGGAGAGCl"I'CAGA'!'CG'I'CCA IBOO 
CC!CCAGGGGCAGGTCGC!'GCGCACCT':'GGCCAGGTCCCAGGAGAGC'l"I'CAGATCGTCCA 1800 
TGTGGCCCAGGATCn'C'XCCGGA'Z'GGCGGCCTTCAGCCGG:'CCAGC'l'TC'l'TGAGCAGGG 1860 
TGTGGGCCAGGATC'ITCTCCCGGA'l'GGCGGCCTTCAGCCGG':'CCAGG'l"TC'l'TGAGGAGGG 1860 
CtTCCAGGCTCCCCCAC':"CC'l"CCAGAAGC'l'TCCTCGCCGTC'l":'CTCCCCGA':'(iCCCTTGA 1920 
C'I"l'CCAGCCTCCCCCAC':"CC1"CCAGAACCTTCCTCCCCGTC':":'CTCCCCGA1'GCCCTTGA 1920 
CCCCGGCMGG'nGTCGGAC'l'CC'Z'CCCCGG'!'CAGGGCCCGG'I'AG!CGGCCCAC1'GGTCGG 1980 
CCCCGGGAACG'l'TGT'CGGAc'!'CG:'CcCCCG':CAGGCCCCCG'I'AG'!'CGCCCCACTGGTCGC 1980 
GCCTCAGGCCGTACT?lTCCCAM.GCCAGGCCGGGGl"GATGAGG'l'ACCCCTCGGGGTGGA 20040 
GCW'CAGGCCGTAC'I"l"ITCCCMAGCCAGGCCGGGG'I'GATGAGGTACCCCTCGGGGTGGA 2040 
GGACG'I'GGA1'GCGCTCGGMAGGAGC'l'GGTMAGGTC?I'T'G1'CGGCGG'I'Q\GGA'l"GCGGA 2100 
GGACG'I'GGA'rGCGGTCGGAMGCAGC'i'GCTMAGCTCT'l"'I'C'TCGGCGGTGAGGA'I'GCGGA 2100 
CcrcCTAGCCC'!'CC'I"I'TTCCCCC':"l'CT'l'GGCCAGGCTGCCCAGGACGTCGTCCGCCTCG'l' 2160 
CCT'CGTAGCCCTCCTITl'CCCCC'!'l'C7l"GGCCAGCC'TGGCCAGGACGTCG'l'CCCCCTCG'l' 2160 
AGCCCGGGACCTCGAGGCCCCCCAGCCCCAGGAGGTCCACCACCTCCT'TGl\'!'GAGGGCGA 2220 
AGCCCGGGACCTCGACiGCGCGCCAGCCCCAGGACiGTCCACCAGC!CCT'TGl\'l'G1\GGGCGA 2220 
G'I'TGCCGGGGAMGTCCTCCGGCCl'GGGGGCCCGGCCCGCCT':'G'l'ACCCCCCCTAGGCCr 2280 
G'I"IGCCCGGGAAAGTCCl'CCCCCG'I'GGGGGCCCCCCCCGCCT!'G'rACCCCCCG'I'AGGCCT 22BO 
CGTGGCGGM(jGAGGGGGCC~CGTCAAAGACCACGATCACCGCGTCCCCG'l'CCTCCT 2304 0 
CGTGGCGGMGGAGGCGGCC'I'!'GGCG!'CMAGACCACGATCACCGCGTCCCCG'I'CCTCC'I' 2304 0 
t'GAGGGCC'l"I'GAGGAGGCTC!'l"GGCGMC-tCG'Z'NlACCCCCTGCACCGGCTCCCCCCGGC 2400 
TGAGGGCC'l'TGA(jGAGGCTC'lTGGCGAAGCCG'l'AGACCGCC'l'GC1t.CCGGC'I'CCCCCCGGC 2400 
TGG:'GGTGAGGCCCTI'CAGGCCG:"GGAAGG'I'GCGCTAGCCCAGGTGGTGCCCG'I'CCACCA 2460 
TGG":"CGTCAGGCCcntAGGGCG:"GGMGGTGCGG'I'AGC-tCAGG'I'CGTGGCCG'!'CCACCA 2460 
GGJ\GCACCCGGCCCTTGGGCTCMAGAGGGGCA(;CATCCCCG 2502 
GGAGGACCCCCCCCTTGGGCTCMAGAGGGGCAGCATCCCCG 2502 
Figure 22: The sequencing results for the newly constructed hybrid DNA polymerase in the 
pUC18 vector, aligned with the sequence from the NCBI databank. The two sequences are 
100% matched. 
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Hybrid DNA polymerase protein expression 
Using the newly produced hybrid plasmid (pTaq-Tth), a hybrid polymerase protein 
(Taq-Tth-pol) was expressed in E. coli and then purified by heat denaturation followed by 
ammonium sulphate precipitation, and subsequently, ion exchange chromatography. There 
were 12 fractions eluted from the ion exchange column, all of which were assayed for 
polymerase activity. Similarly to the previous ion exchange purification, Fraction # 1 was 
collected at time zero, and each fraction had a volume of 500J..lL. Figure 23 shows the total 
protein concentration, as determined by a Bradford assay, for each of the 12 ion exchange 
fractions. Fractions #3, #4 and #5 had the highest total protein concentration. 
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Figure 23: Hybrid DNA polymerase protein concentration (J..lg/J..lL) of the 12 ion exchange 
fractions by Bradford assay. 
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The molecular weight of the purified proteins in all 12 fractions was analyzed on an 
SDS-PAGE gel (Figure 24). Based on the results from the SDS-PAGE, it can be observed 
that the approximate molecular mass of the recombinant hybrid DNA polymerase is about 
90kDa. More specifically, it can be observed that fractions #3 and #4 contained the highest 
concentration of polymerase. It can also be observed that the fractions contain primarily one 
protein band of the expected 90kDa. 
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Figure 24: Analysis of ion exchange hybrid DNA polymerase fractions by SDS-PAGE, 
using a 12% polyacrylamide gel. Ten microliters of each fraction were separated by gel 
electrophoresis and subsequently stained with Coomassie brilliant blue R-250 protein stain. 
Gel 1: Lane M, Norgen's ProteoLadder 125 (Cat# 12310); Lanes FI-F6, fraction #1 to 
fraction #6. Gel 2: Lane M, Norgen ProteoLadder 125 (Cat# 12310); Lanes F7-FI2, fraction 
#7 to #12. Numbers on the left side of each gel correspond to the size in kDa ofthe Norgen 
ProteoLadder 125 molecular weight marker bands. 
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To evaluate the 12 fractions of the hybrid Taq-Tth-pol for DNA polymerization 
activity, a PCR was then employed. Figure 25 shows the results of the PCR which used 0.5 
flL of each Taq-Tth-pol fraction as the DNA polymerase during amplification. Fractions #3, 
#4 and #5 showed the highest DNA-directed DNA-polymerase activity during PCR. 
1000 
700 
M F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 (-) (+) 
Figure 25: A 1.5% agarose gel showing the results of the PCR using 0.5flL of each of the 12 
hybrid DNA polymerase fractions as the DNA polymerase for the reaction. Lane M, 
Norgen's MidRanger DNA ladder (Cat# 11700); Lane F1-F12, fraction #1 to #12; Lane (-), 
negative control (reaction without any polymerase); Lane (+), positive control (reaction 
using 0.5flL ofNorgen's Taq Polymerase. 
Based on the results from the Bradford protein assay, the SDS-PAGE gel and the 
PCR, fraction #3 and #4 had the highest concentration and most active DNA-directed DNA 
polymerase activity. Therefore, fraction #3 and #4 were combined, and mixed with 
polymerase storage buffer. the resulant mixture was named M-2, which was stored at _20DC 
until further use. 
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Hybrid DNA polymerase protein activity test 
Following the same procedure as before, the activity units ofM-2 was titrated via 
PCR, against a polymerase with known activity (Figure 26). Briefly, commercial Taq 
polymerase (Norgen Biotek), 5 units/flL, was used as the reference. The AlphaEaseFC™ 
computer program (AlphaImager, Alphalnnotech) was used to generate an AUC standard 
curve to determine the activity units ofM-2. Using the standard curve and the AUC of the 
amplicons generated by M-2, the enzyme activity ofM-2 was found to be 2.5units/flL. M-2 
is the hybrid DNA polymerase (Taq-Tth-pol), and was used in all subsequent experiments. 
Commercial Taq 
Polymerase 
5 units/ul 
1000 
700 
M-2 polymerase 
Unknown units 
1000 
700 
M 2 1.8 1.6 1.4 1.2 1 0.8 0.6 0.4 0.2 0.1 (uL) 
Figure 26: An agarose gel showing the activity units ofM-2, determined by PCR. The top 
row shows the PCR results from using various volumes (0.02flL to 2flL) of 5 units/flL 
Norgen Taq polymerase. The bottom row shows the PCR results from using M-2 with the 
same graduated volumes (0.02flL to 2flL). Lane M, Norgen's MidRanger DNA ladder 
(Cat# 11700). 
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3.05 Hybrid (Thermus aquatic us and Thermus thermophilus) DNA 
Polymerase Reverse Transcriptase Activity with Varying Reaction 
Conditions 
Hybrid DNA polymerase basic reverse transcriptase activity 
The native reverse transcriptase activity of the hybrid polymerase (Taq-Tth-pol) was 
tested at 37°C, 50°C and 70°C as shown in Figure 27. Similarly, to previous RT-PCRs, the 
RNA template used was total RNA isolated from HeLa cells, with the S15 reverse primer 
being used to synthesize cDNA from the template. Subsequently, the cDNA was amplified 
via PCR using the S 15 forward and reverse primers. This protocol was employed as a 
procedure to test the reverse transcriptase activity of the hybrid polymerase. All reverse 
transcription steps were followed by a PCR step which made use of a commercial master 
mix (Norgen Biotek, Cat# 28007). The amplification reactions were run on a 1.2% agarose 
gel for visualization. The intensity of the amplicon band on the gel (361 bp) was correlated 
with the level of reverse transcriptase activity. In Figure 27, the positive controls made use 
of the commercially available reverse transcriptases, superscript III and Finnzyme for the 
reverse transcription step. As with previous tests, performing the reverse transcription step 
at 37°C, 50°C and 70°C using Taq-Tth-pol but without any divalent ions, resulted in an 
absence of any reverse transcriptase activity. 
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Figure 27: An agarose gel showing the reverse transcriptase activity of Taq-Tth-pol, tested at 
37°C, 50°C and 70°C. Lane M, Norgen's PCR Ranger 100 bp DNA ladder (Cat# 11300); 
Lane 1-6, Taq-Tth-pol used as a reverse transcriptase at three different temperatures, with 
varying amounts of enzyme; Lane (-), the negative control, whose reverse transcriptase step 
was carried out in the absence of any polymerase. Lane 8-11, positive controls, using 
Superscript III and Finnzyme (O.l/lL and O.S/lL) during the reverse transcription step of the 
RT-PCR. 
Hybrid DNA polymerase reverse transcriptase activity with varying reaction 
conditions at 70 ce 
Similar experiments carried out using Tth-pol were repeated with Taq-Tth-pol to 
determine the optimal conditions for reverse transcription. Different divalent ions were 
tested at various concentrations during the reverse transcription step. Following the same 
test matrix as in Table 2, the various combinations of divalent ions were tested using the RT-
PCR I d 1· S' d' I . M 2+ C 2+ Z 2+ C 2+ N·2+ d C 2+ protoco use ear ler. IX Iva ent IOns: n, a , n , u , I an 0 were 
individually combined with Mg2+, and tested. Of these 16 combinations, combination #1 
was eliminated, as it had been previously tested (no divalent ions, see Figure 27). 
In Figure 28, the effects of various divalent ion combinations on the reverse 
transcriptase activity of Taq-Tth-pol can be seen, where the reverse transcription step was 
carried out at 70°C. In Figure 28(B), it can be seen that Taq-Tth-pol shows some reverse 
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transcriptase activity while in the presence of Mn2+ (i.e. combinations #3, #4 and #5). 
Combinations #11 and #13 also showed some amplification, however the intensity of the 
bands was limited. Results in Figure 28(B) suggest that Mn2+ alone at a high concentration, 
or Mg2+ alone at a low concentration, were sufficient enough to cause reverse transcriptase 
activity with the hybrid polymerase at 70°C. In Figure 28(C), it can be seen that the divalent 
ion NiH can also increase reverse transcriptase activity in Taq-Tth-pol, as seen in 15 of the 
divalent ion combinations. 
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(B) 
Mn2+ 
500 bp 
300bp 
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Ni 2 + 
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Figure 28: The effect of divalent ions (Mn2+ and Ni2+) on the reverse transcriptase activity of 
Taq-Tth-pol at the reaction temperature of 70°C. (A) Controls: Lane (+), positive control 
(SuperScript III Reverse Transcriptase); Lane 1, negative control (no template RNA during 
reverse transcription step); Lane 2, negative control (no reverse transcriptase); Lane 3, 
negative control (no template cDNA in PCR); Lane 4, negative control (RNA as template 
directly added into PCR, i.e. no reverse transcription step). (B) Mn2+, combined with Mg2+ 
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at varying amounts, used during reverse transcription step. Lane M, Norgen's FastRunner 
DNA Ladder (Cat# 12800); Lanes 2-16 correspond with combinations #2-16 from Table 2. 
(C) Ni2+, combined with Mg2+ in varying amounts, used in the reverse transcription step. 
Lane M, Norgen's FastRunner DNA Ladder (Cat# 12800); Lanes 2-16 correspond with 
combinations #2-16 from Table 2. 
The other divalent ions (Ca2+, Zn2+, Cu2+ and C02+) did not improve the reverse 
transcriptase activity of Taq-Tth-pol when they were combined with Mg2+· Subsequent 
PCRs failed to show any amplification with any of the 15 combinations using these four 
divalent ions (Figure 29). 
Cu2+ 
M #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12 #13 #14 #15 #16 
-
-
-
- . 
. 
-
Figure 29: The reverse transcriptase activity of Taq-Tth-pol with divalent ions Ca ,Zn , 
Cu2+ and Co2+ at 70°C. Lane M, Norgen's FastRunner DNA Ladder (Cat# 12800); Lanes 
2-16 correspond with combinations #2-16 from Table 2. 
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Hybrid DNA polymerase reverse transcriptase activity with varying reaction 
conditions at 50 0 e 
Figure 30 shows the amplicons generated by Taq-Tth-pol when reverse transcription 
was done at 50°C using the various divalent ion mixes. Results in Figure 30(B) suggest that 
Mn2+ was not able to bring about RT activity in Taq-Tth-pol. Figure 30(C) shows that Ni2+ 
was able to induce reverse transcriptase activity as seen in divalent ion combinations #2 to 
#12. These results suggest that when the concentration of divalent ions is too high, reverse 
transcriptase activity in the hybrid polymerase was lost. Similar to tests done with Tth-pol, 
using the same divalent ion test matrix at 50°C; Ca2+, Zn2+, Cu2+ and Co2+ failed to induce 
any reverse transcriptase activity (Figure 31). 
76 
Lei Zhang 
(A) 
SOO bp 
300 bp 
(B) 
Marker (+) 1 2 3 
DNA-Directed DNA Polymerases 
Evolve From Reverse Transcriptase 
4 
Primer dimer 
M #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12 #13 #14 #15 #16 
Mn2+ 
500 bp 
300 bp 
(C) 
Ni2+ 
500 bp 
300 bp 
-
.. ~ .... Primer dimer 
M #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12 #13 #14 #15 #16 
-
-
-
Figure 30: Effect of divalent ions (Mn2+ and Ni2+) on the RT activity of Taq-Tth-pol at 50°C. 
(A) Controls: Lane (+), positive control (SuperScript III Reverse Transcriptase); Lane 1, 
negative control (no template RNA during reverse transcription step); Lane 2, negative 
control (no reverse transcriptase); Lane 3, negative control (no template cDNA in PCR); 
Lane 4, negative control (RNA as template directly added into PCR, i.e. no reverse 
transcription step). (B) Mn2+, combined with Mg2+ at varying amounts, used during the RT 
step. Lane M, Norgen's FastRunner DNA Ladder; Lanes 2-16 correspond with 
combinations #2-16 from Table 2. (C) Ni2+, combined with Mg2+ at varying amounts, used 
in the reverse transcription step. Lane M, Norgen's FastRunner DNA Ladder; Lanes 2-16 
correspond with combinations #2-16 in Table 2. 
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Figure 31: The reverse transcriptase activity of Taq-Tth-pol with divalent ions Ca2+, Zn2+, 
Cu2+ and C02+ at SO°c. Lane M, Norgen's FastRunner DNA Ladder (Cat# 12800); Lanes 2-
16 correspond with combinations #2-16 in Table 2. 
The same experiment was repeated at 37°C, with none of the six divalent ions at any 
concentration or combination with Mg2+ being able to induce reverse transcriptase activity in 
Taq-Tth-pol (Figure 32). 
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Figure 32: The use of hybrid DNA polymerase as the reverse transcriptase in an RT-PCR 
with six divalent ions Mn2+, Ni2+, Ca2+, Zn2+, Cu2+ and C02+ or in combination with Mg2+ at 
37°C. Lane M, Norgen's FastRunner DNA Ladder; Lanes 2-16 correspond with 
combinations #2-16 from Table 2. 
For both Tth-pol and Taq-Tth-pol, Mn2+ and Ni2+ were found to be the divalent ions 
that were able to induce RT activity when they were either used by themselves or in 
combination with Mg2+. Figure 33 shows the effect of both Mn2+ and Ni2+ on reverse 
transcriptase activity in three different polymerases (Taq-pol, Tth-pol and Taq-Tth-pol) 
when both divalent ions were added at the same time (Figure 33). 
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Mg2+ mM 0 5 0 5 o 5 o 5 o 5 o 5 
Mn2+mM 5 2 2 5 2 2 5 2 2 
Nih mM 5 2 2 5 2 2 5 2 2 
Figure 33: The reverse transcriptase activity of Taq-, Tth- and Taq-Tth-polymerases at 37°C, 
50°C and 70°C in the presence of divalent ions: Mg2+, Mn2+ and/or Ni2+. 15t row: controls; 
Lane (+), positive control (SuperScript III Reverse Transcriptase); Lane (-), negative 
controls. The 2nd, 3rd & 4th rows: RT-PCR carried out at 37°C, 50°C and 70°C; Lane M, 
Norgen's FastRunner DNA Ladder; Lanes 1-5, RT-PCR using Taq-pol; Lanes 6-10, RT-
PCR using Tth-pol; Lanes 11-15, RT-PCR using the hybrid polymerase (Taq-Tth-pol). The 
table underneath the gel picture indicates the divalent ion combinations and the volumes 
used during the reverse transcription step (from Table 2). All reverse transcription steps 
were followed by PCR amplification as described previously. 
Of the three polymerases, Taq-pol did not show any reverse transcriptase activity at 
70°C, 50°C or 37°C. None of the three polymerases showed any reverse transcriptase 
activity at 37°C. Both Tth-pol and Taq-Tth-pol, when combined with both divalent ions, 
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Mn2+ and Ne+, showed some level of reverse transcriptase activity at 50De and 70De, but 
still minor when compared with a commercial reverse transcriptase (Superscript III). There 
was not a visible difference in reverse transcriptase activity for both Tth-pol or Taq-Tth-pol 
between 50De and 70De. For Tth-pol, either Mn2+ or Ni2+ was sufficient to induce reverse 
transcriptase activity; however, Ni2+ is seemed to improve the activity more than Mn2+. 
81 
Lei Zhang DNA-Directed DNA Polymerases 
Evolve From Reverse Transcriptase 
4. Discussion 
The main goal of this study is to investigate whether any reverse transcriptase activity 
can be found in ancient DNA polymerases. Furthermore, this reverse transcriptase sequence 
similarity would be higher in older DNA polymerases than in recently evolved DNA 
polymerases, and then it is possible to increase the reverse transcriptase activity ofthese 
ancient DNA polymerases by varying reaction conditions. 
4.01 Phylogenetic Tree 
Between approximately 4.0 and 4.5 billion years ago, before life as we know it 
existed on the earth, complex organic molecules were being produced by random chemical 
reactions. Only molecules that could duplicate themselves or other molecules could survive. 
Eventually the first "life" evolved, likely as an RNA-dependent RNA polymerase, which 
would not only catalyze its own replication, but also contain genetic information. RNA, 
when used to store genetic information, behaves like modem DNA. At the same time, 
ribozymes are RNA molecules that act in a similar way to current enzymes by catalyzing 
biological reactions. It is highly unlikely that DNA, RNA and proteins evolved into 
existence at the same time; it is far more likely that they evolved in a step-wise fashion from 
RNA. 
Under selective pressure, evolution led life towards greater efficiency by developing 
specialized systems for each function. Proteins large enough to self-fold and have useful 
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activities came about only after a ribozyme was available to catalyze peptide ligation-
currently known as the ribosome (Cech, 2011). DNA recently took over the role of genetic 
information storage when the need for stability and conservation of important genes 
outweighed the need for rapid mutation to try new RNA-based catalytic functions; 
especially when proteins could now be used to try new functions with much less mutation 
needed to exhibit radical change in activity, compared to a ribozyme. A reverse 
transcriptase would have been a necessary component to convert the existing information 
encoded by RNA into its DNA version for genetic storage. Since evolution usually involves 
modifying existing genes for new functions, it is likely that the existing RNA-directed RNA 
polymerase was used as a template for the evolution of reverse transcriptase. In 1990, Xiong 
and Eickbush found that retro-elements found in prokaryotes and RNA viruses share a 
common ancestor. This result was found when RNA-directed RNA polymerases were used 
as an out-group to root the reverse transcriptase tree (Xiong & Eickbush, 1990). 
The first hypothesis of this research was to determine whether DNA-directed DNA 
polymerases found in old prokaryotes contain a higher degree sequence similarity of reverse 
transcriptase than the DNA-directed DNA polymerases in newer prokaryotes. The 
phylogenetic tree found in Figure 3 depicts the relatedness among the polymerases assessed. 
The three RNA directed-DNA polymerases are branched closely together at the top of the 
tree, indicating a strong relatedness. As one looks down the tree, it can be seen that the 
DNA directed-DNA polymerases from Thermus thermophilus and Thermus aquaticus are 
the closest relatives to the three reverse transcriptases. Therefore, it can be concluded that 
the DNA polymerases from Thermus thermophilus and Thermus aquatic us share more 
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common sequences with the reverse transcriptases, compared to the other polymerases 
assayed. Since this is an un-rooted phylogenetic tree, the reverse transcriptases do not form 
an out-group, which would root the tree. The reason for choosing an un-rooted tree is that 
one should not imply that all polymerases are directly descended from the ancestors of 
current reverse transcriptases, but rather to assess whether certain polymerases contain more 
reverse transcriptase sequence similarity than others. Therefore, this phylogenetic tree 
does not imply that all DNA-directed DNA polymerases evolved directly from the ancestors 
of current reverse transcriptases. 
Figure 4 was generated by plotting the relatedness of the polymerases versus the age 
of the organism (via the small subunit ribosomal RNA-based tree of life). This trend shows 
a linear correlation, but not significant, suggesting that the relationship between the 
evolutionary age of DNA polymerases originating in prokaryotes and reverse transcriptase 
sequence similarity is non-clear. This finding doesn't support the hypothesis that older 
DNA polymerases would have retained more RT activity than newer DNA polymerases. 
4.02 DNA Polymerases with Reverse Transcriptase Activities 
The second hypothesis was that one could uncover the reverse transcriptase activity 
in "ancient" DNA polymerases. Since DNA-directed DNA polymerases from Thermus 
thermophilus and Thermus aquaticus are more closely related to reverse transcriptase, these 
two DNA polymerases were chosen to investigate this hypothesis. Previously, it was shown 
that thermostable Thermus thermophilus DNA polymerase could act as a reverse 
transcriptase in the presence of manganese divalent metal ions during reverse transcriptase-
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PCR (Steuerwald, et al., 1994). It was also previously shown that a hybrid between 
Thermus aquaticus and Thermus thermophilus DNA polymerases presented higher reverse 
transcriptase activity than either polymerase alone (Ma, et al., 2000). 
The results in Figures 14, 16,28 and 30 imply that both Tth- and Taq-Tth-pol require 
divalent metal ions for reverse transcriptase activity. Divalent metal ions are commonly 
employed by enzymes to stabilize structure, and in the case of polymerases, receive charge 
during polymerization. In a polymerase, one divalent ion interacts with the 3-prime 
hydroxyl group of the primer to lower its pka, so that the a-phosphate ofthe incoming dNTP 
can attack, and therefore extend the primer strand. The second divalent ion interacts with the 
~- and y-phosphates, promoting the production of the pyrophosphate leaving-group (Steitz, 
1999). Divalent metal ions are required for polymerization, both for PCR and reverse 
transcriptase-PCR, as shown experimentally in the second case. Not all divalent metal ions 
induce the same activity. Previously it was shown that Thermus thermophilus DNA 
polymerase possessed inducible reverse transcriptase activity in the presence of Mn2+ 
(Myers & Gelfand, 1991). The ability for E. coli DNA polymerase I to copy RNA was also 
demonstrated to be heavily dependent on the presence of Mg2+ (Loeb et al., 1973). The 
choice of ions was influenced by a recent publication indicating that a mammalian DNA 
polymerase exhibited Mg2+, Mn2+ or C02+-dependent activity when reading a DNA-based 
template (Nakane et al., 2009). 
The reaction temperature was also shown to playa role in promoting reverse 
transcriptase activity in the polymerases studied. Experiments demonstrated that reverse 
transcriptase activity was higher at 70DC than 50DC (Figures 14 B and C, and 16 B and C). 
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A possible reason for Thermus thermophilus DNA polymerase showing improved reverse 
transcriptase activity at 70°C and not at 50°C (the standard reverse transcriptase incubation 
temperature), is because Thermus thermophilus lives in a naturally warm environment (hot 
springs). The bacteria are capable of surviving high temperatures in excess of 80°C, while 
its DNA polymerase has shown optimal activity between 70°C and 75°C. Another reason 
for the improved reverse transcriptase activity at higher temperatures is that at these high 
temperatures, the usually prevalent secondary structures of single-stranded RNA is lost, and 
it may therefore be more accessible to the polymerase. 
Among the seven divalent metal ions tested to promote reverse transcriptase activity, 
Thermus thermophilus DNA polymerase showed the ability to amplify RNA while in the 
presence of only Mn2+ or Ni2+ ions, but not in the presence of Mg2+, Ca2+, Zn2+, Cu2+, or 
C02+ ions. Furthermore, Ni2+ was shown to be the best cofactor, allowing the polymerase to 
exhibit reverse transcriptase activity at both 70°C and 50°C. In traditional DNA-based PCR, 
Mg2+ is the most common divalent ion employed, however in our experiments, even when 
used in combination with Mn2+ or Ne+, did not show improvement of reverse transcriptase 
activity above what either Mn2+, Ni2+ or Mg2+ could promote on their own. At high ionic 
concentrations, near 10mM, inhibition of reverse transcriptase activity was shown (Figures 
14 Band C and 16 B and C). Normally high levels of divalent ions in a PCR will promote 
misincorporation ofnucleotides, and also increase the yield of non-specific products (Pelt-
Verkuil et aI., 2008). 
Results from a previous study found that a hybrid DNA polymerase (Thermus 
aquaticus and Thermus thermophilus) showed six times higher activity than Thermus 
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aquaticus DNA polymerase and 1.2 times more activity than Thermus thermophilus DNA 
polymerase alone in an RNA-dependent nucleotide incorporation assay (Ma, et ai., 2000). 
The same hybrid DNA polymerase was cloned and expressed in this study. Various divalent 
metal ions and the same reaction temperatures were tested with the hybrid polymerase to 
investigate its potential for RNA-dependent DNA polymerase activity. Figures 28 B and C 
and 30 B and C showed the successful use of the hybrid Taq-Tth-pol as a reverse 
transcriptase in conjunction with Mg2+, Mn2+ and Ni2+ as the divalent ions. The success 
extends to both reaction temperatures tested, 70°C and 50°C. Data found in this thesis are in 
agreement with Ma et al. (2000) study, in that the hybrid polymerase exhibited reverse 
transcriptase activity with Mn2+ at 70°C. Furthennore, at both 70°C and 50°C reaction 
temperatures, the hybrid polymerase presented improved reverse transcriptase activity over 
Tth-pol when used with its optimal divalent metal ion, Ni2+. The above was a new finding 
and was not reported previously in the literature. 
One can speculate as to why some ions are more effective than others in inducing 
reverse transcriptase activity in thennophilic DNA polymerases. Since the effective ionic 
radii ofNi2+ and Mn2+ are slightly smaller than the naturally occurring Mg2+ cofactor, it is 
possible that these divalent ions are more able to fit into the active site of the tested 
polymerases, and thus allows it to function, while anything larger than 144 pm in diameter is 
unable to enter the active site without disrupting the protein shape. Looking at the physical 
properties, and more specifically at the electronegativity (Table 3) of various metal ions, 
may help explain this observation. Electronegativity is a measure of the attraction of an 
atom for electrons in a covalent bond. This chemical property describes the tendency of an 
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atom or a functional group to attract electrons towards itself; the higher the value, the 
stronger the attraction towards electrons. 
Table 3: The electronegativity and effective ionic radii of the 7 divalent metal ions used in 
various PCR conditions. 
Electronegativity Effective Ionic Radius 
MgH 1.31 (Pauling scale) 72~m 
Mn2+ 1.55 (Pauling scale) 67 pm 
Nf+ 1.91 (Pauling scale) 69~m 
Ca2+ 1.00 (Pauling scale) 100pm 
Zn2+ 1.65 (Pauling scale) 74 pm 
CuH 1.90 (Pauling scale) 73 pm 
Co2+ 1.88 (Pauling scale) 74.5 pm 
Of the ions tested, the one with the highest electronegativity was Ni2+, followed by 
Cu2+, Co2+, Zn2+, Mn2+, Mg2+ and finally Ca2+. As a cofactor for reverse transcription, Ni2+ 
showed the best results, followed by Mg2+. Their smaller size and higher electronegativity 
may have allowed them to stabilize the "palm" domain structure while also lowering the 
activation energy required to reach a transition state for the non-native template (RNA). A 
higher electronegativity may function to enhance the pyrophosphate group in leaving. 
While Mn2+ was small enough to fit into the active site, its lower electronegativity may not 
have been enough to promote efficient catalysis, compared to Ne+, as the enzyme was 
already accommodating a non-natively shaped template (RNA/DNA hybrid is A form versus 
B form with native DNA template). For divalent metal ions to act as cofactors during DNA 
polymerization from an RNA template, the effective ionic radius is the first requirement, 
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while improved polymerase activity is more dependent on a higher electronegativity value 
for the cofactor ion. 
After many trials with Thermus aquaticus DNA polymerase I and the various ions 
(Mg2+, Mn2+, Ni2+), it was impossible to induce substantial reverse transcriptase activity at 
either 50De or 70 De (see Figure 33). Despite, the lack of significant RNA template-based 
polymerization in Taq-pol, both Taq- and Tth- DNA polymerases are structurally similar and 
were found to be the most related of all polymerases assessed to three viral reverse 
transcriptases in the phylogenetic tree. 
The reason why Tth-pol possesses a much more improved reverse transcriptase 
activity over its sister is unclear, but previous studies on structure-specific nucleases may 
help explain it. Site-directed mutagenesis studies have revealed that lysine-420 and 
glutamine-509 in Tth-pol are critical for the 5' nuclease activity in RNA substrates (Ma et 
aI., 2000). Mutating the analogous amino acids of Thermus aquaticus DNA polymerase I 
(Glycine-418 to Lysine and Glutamic acid-507 to Glutamine) to match Thermus 
thermophilus DNA polymerase at these positions significantly improves its RNA-dependent 
5' nuclease activity (Ma et al., 2000). From this, it is clear that a loss of any type of activity 
may be the result of a mutation at even a single amino acid. 
It is still unclear which specific amino acid(s) are directly responsible for RNA 
template recognition and binding, however as shown in the results in Figure 33, both the 
hybrid Taq-Tth- and Tth-pol possess better reverse transcriptase activity than Taq-pol. 
Therefore, it can be concluded that the amino acid(s) critical for RNA template 
accommodation are located between position 593 and 830 of Tth-pol. In this region, amino 
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acids 600-610 and 775-830 localize in the folded "Palm" domain, known to be involved in 
grasping and positioning the template (Li et al., 1998). When the primer/template complex 
is bound to the polymerase, the 3' end of the primer strand is found to lie within the "Palm" 
domain, directly facing the highly conserved catalytic carboxylate residues (Aspartic acid 
and Glutamic acid) (Earn et al., 1996). The divalent metal ions located in these carboxylate 
residues then act to catalyze the phosphoryl transfer reaction required for polymerization. 
Additionally, these ions help stabilize the structure of the template-primer complex within 
the "Palm" domain via interaction with the positive charges. Based on our results, 
employing various divalent ions as cofactors, it seems that there is very little free space 
between the primer/template complex and the polymerase, so that only smaller ions (Mn2+ 
and Ni2+) can fit into this space. It is likely that when an unnatural template is in the 
polymerase, these smaller ions produce less destabilization than larger ions, and the 
polymerase is therefore able to polymerize off an RNA template, albeit with a very low 
activity (as compared to commercial reverse transcriptases). Finally, since the Taq-Tth-pol 
demonstrated a better activity than Tth-pol alone, it must be concluded that some amino 
acids in regions 1-592 of Taq-pol are working synergistically with amino acids 593 to 830 of 
Tth-pol. 
In future studies, site-specific mutagenesis on amino acids between 1 and 592 of 
Taq-pol and between 593 and 830 of Tth-pol could be carried out. Amino acids could be 
selected based on crystal structures, by looking at which amino acids come closest to the 2' 
of the template's sugar residues in the latter portion of Tth-pol, and in the former portion of 
Taq-pol. In this way, one could identify the specific amino acids that give Tth- and Taq-Tth-
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pol their improved reverse transcriptase activity. Once identified, particular amino acids 
could be replaced with aspartic acid, glutamic acid or histidine, since they are capable of 
receiving a hydrogen bond donated from the 2' hydroxyl group found in RNA. Before 
carrying out these experiments in vitro, it would be interesting to model these mutations in 
silico. A computer model may also help to identify the amino acids responsible for reverse 
transcriptase activity, in addition to modeling the effect of various divalent ions on reverse 
transcriptase activity. Finally, once modifications to the DNA polymerases are done, 
divalent ions with smaller effective radii and stronger electro negativity should be tested for 
their ability to bring back reverse transcriptase activity in these polymerases. 
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5. Conclusion 
Based on the data presented in this study, a number of points can be concluded: 
1) The phylogenetic tree constructed by aligning 32 DNA-directed DNA 
polymerases with 3 reverse transcriptases showed that there has no significant 
correlation between the prokaryotic evolutionary age and the sequence similarity 
to reverse transcriptase. Results from analysis of the bioinformatics fail to 
support the first hypothesis that the older prokaryotic DNA polymerase contains 
a higher degree of sequence similarity to a reverse transcriptase. 
2) Both DNA polymerase genes from Thermus thermophilus and the hybrid 
(Thermus aquaticus / Thermus thermophilus) were cloned, and the polymerase 
proteins were expressed and purified. Furthermore, the protein concentration 
from these polymerases, as well as activity, was determined. 
3) Reverse transcriptase activity in both purified DNA polymerases is dependent on 
the divalent ions present. 
4) Divalent ions Ni2+ and then Mn2+ can promote reverse transcriptase activities in 
thermostable DNA-directed DNA polymerases at 70°C, better than 50°C, but not 
5) The hybrid polymerase showed a slightly higher reverse transcriptase activity 
than Thermus thermophilus or Thermus aquaticus DNA polymerases, narrowing 
the region ofthe polymerase primarily responsible for reverse transcription. The 
exact mechanism for RNA template-based DNA polymerization is still unclear. 
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6. Appendix 
Appendix A: 
A.I: NCBI data for DNA-directed DNA polymerases from 31 prokaryotic organisms used in 
phylogenetic tree. 
DNA-directed DNA polymerase [Streptobacillus moniliformis DSM 12112] 
>(1-1) gi12683154031gb1ACZ01777.11 DNA-directed DNA polymerase [Streptobacillus 
moniliformis DSM 12112] 
DNA-directed DNA polymerase [Planctomyces brasiliensis DSM 5305] 
>(2-1) gi13251105811re~YP _004271649.11 DNA-directed DNA polymerase [Planctomyces 
brasiliensis DSM 5305] 
DNA-directed DNA polymerase [Isosphaera pallida ATCC 43644] 
>(2-2) gi13201028561re~YP _004178447.11 DNA-directed DNA polymerase [Isosphaera pallida 
ATCC 43644] 
DNA-directed DNA polymerase [Planctomyces limnophilus DSM 3776] 
>(2-3) gi12961205771re~YP _003628355.11 DNA-directed DNA polymerase [Planctomyces 
limnophilus DSM 3776] 
DNA-directed DNA polymerase [Pirellula staleyi DSM 6068] 
>(2-4) gi12837814871re~YP _003372242.11 DNA-directed DNA polymerase [Pirellula staleyi 
DSM 6068] 
DNA-directed DNA polymerase [Prosthecochloris aestuarii DSM 271] 
>(3-1) gi11943349891re~YP _002016849.11 DNA-directed DNA polymerase [Prosthecochloris 
aestuarii DSM 271] 
DNA-directed DNA polymerase [Thermoanaerobacter ethanolicus JW 200] 
>(4-1) gi13259947321gb1EGD53156.11 DNA-directed DNA polymerase [Thermoanaerobacter 
ethanolicus JW 200] 
DNA-directed DNA polymerase [Thermoanaerobacter italicus Ab9] 
>(4-2) gi12895271881gb1ADD01540.11 DNA-directed DNA polymerase [Thermoanaerobacter 
italicus Ab9] 
DNA-directed DNA polymerase [Moorella thermoacetica ATCC 39073] 
>(4-3) gi183572991 1gb1ABC19543.1 1 DNA-directed DNA polymerase [Moorella thermoacetica 
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ATCC 39073] 
DNA-directed DNA polymerase [Thermo an aerobacter pseudethanolicus ATCC 33223] 
>(4-4) giI166857235IgbIABY95643.11 DNA-directed DNA polymerase [Thermoanaerobacter 
pseudethanolicus ATCC 33223] 
DNA-directed DNA polymerase [Thermus thermophilus] 
>(4-5) gi1481661emb1CAA46900.11 DNA-directed DNA polymerase [Thermus 
thermophil us] 
DNA-directed DNA polymerase [Thermus aquaticus Y51MC23] 
>( 4-6) gi12182965831re~ZP _ 03497311.11 DNA-directed DNA polymerase [Thermus 
aquaticus Y51MC23] 
DNA-directed DNA polymerase [Geobacter uraniireducens Rf4] 
>(5-1) gi11482632041re~YP _001229910.11 DNA-directed DNA polymerase [Geobacter 
uraniireducens Rf4] 
DNA-directed DNA polymerase [Geobacter lovleyi SZ] 
>(5-2) gi11894203951gb1ACD94793.11 DNA-directed DNA polymerase [Geobacter lovleyi SZ] 
DNA-directed DNA polymerase [Lactobacillus acidophilus ATCC 4796] 
>(6-1) gi12279033121re~ZP _04021117.11 DNA-directed DNA polymerase [Lactobacillus 
acidophilus A TCC 4796] 
DNA-directed DNA polymerase [Lactobacillus crispatus JV-V01] 
>(6-2) giI227877603Ire~ZP _03995657.11 DNA-directed DNA polymerase [Lactobacillus 
crispatus N -VOl] 
DNA-directed DNA polymerase [Neisseria cinerea ATCC 14685] 
>(7-1) giI261377452Ire~ZP _05982025.11 DNA-directed DNA polymerase [Neisseria cinerea 
ATCC 14685] 
DNA-directed DNA polymerase [Neisseria polysaccharea ATCC 43768] 
>(7-2) gi12963142231re~ZP _06864164.11 DNA-directed DNA polymerase [Neisseria 
polysaccharea A TCC 43768] 
DNA-directed DNA polymerase [Neisseria lactamica ATCC 23970] 
>(7-3) gi 12692146461re~ZP _05986970.21 DNA-directed DNA polymerase [Neisseria lactamica 
ATCC 23970] 
DNA-directed DNA polymerase [Lutiella nitroferrum 2002] 
>(7-4) gi12246014351gb1EEG07616.11 DNA-directed DNA polymerase [Lutiella nitroferrum 
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DNA-directed DNA polymerase [Neisseria mucosa ATCC 25996] 
>(7-5) gi12613645411re~ZP _05977424.11 DNA-directed DNA polymerase [Neisseria mucosa 
ATCC 25996] 
DNA-directed DNA polymerase [Neisseria subflava NJ9703] 
>(7-6) gi12847956511gb1EFC50998.11 DNA-directed DNA polymerase [Neisseria subflava 
NJ9703] 
DNA-directed DNA polymerase [Brevundimonas subvibrioides ATCC 15264] 
>(8-1) gi13023827701re~YP _ 003818593.11 DNA-directed DNA polymerase [Brevundimonas 
subvibrioides ATCC 15264] 
DNA-directed DNA polymerase [Asticcacaulis excentricus CB 48] 
>(8-2) gi13154986351re~YP _004087439.11 DNA-directed DNA polymerase [Asticcacaulis 
excentricus CB 48] 
DNA-directed DNA polymerase [Caulobacter segnis ATCC 21756] 
>(8-3) gi12956901731re~YP _003593866.11 DNA-directed DNA polymerase [Caulobacter 
segnis ATCC 21756] 
DNA-directed DNA polymerase [Acinetobacter calcoaceticus PHEA-2] 
>(9-1) gi13251225671gb1ADY82090.11 DNA-directed DNA polymerase [Acinetobacter 
calcoaceticus PHEA-2] 
DNA-directed DNA polymerase [Acinetobacter baumannii ATCC 17978] 
>(9-2) gil 1930776001gb1AB012442.21 DNA-directed DNA polymerase [Acinetobacter 
baumannii A TCC 17978] 
DNA-directed DNA polymerase [Psychrobacter cryohalolentis K5] 
>(9-3) gi1930063871re~YP _580824.11 DNA-directed DNA polymerase [Psychrobacter 
cryohalolentis K5] 
DNA-directed DNA polymerase [Bacillus cellulosilyticus DSM 2522] 
>(10-4) gil3154 734091gblADU300 12.11 DNA-directed DNA polymerase [Bacillus 
cellulosilyticus DSM 2522] 
DNA-directed DNA polymerase [Geobacillus thermoglucosidasius C56-YS93] 
>(10-5) gi12954016231re~ZP _06811591.11 DNA-directed DNA polymerase [Geobacillus 
thermoglucosidasius C56-YS93] 
DNA-directed DNA polymerase [Bacillus cytotoxicus NVH 391-98] 
>(10-6) gil 1520253031gb1ABS23073.1 I DNA-directed DNA polymerase [Bacillus cytotoxicus 
NVH 391-98] 
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DNA-directed DNA polymerase [Nitrosospira multiformis ATCC 25196] 
>(11-1) gi1824101431gb1ABB74252.11 DNA-directed DNA polymerase [Nitrosospira 
multiformis A Tee 25196] 
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